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UNIT I: ELECTROSTATICS - I 9 
Sources and effects of electromagnetic fields — Coordinate Systems — Vector fields — 
Gradient, Divergence, Curl — theorems and applications - Coulomb’s Law — Electric 
field intensity — Field due to discrete and continuous charges. — Gauss's law and 
applications. 


UNIT II: ELECTROSTATICS — II 9 
Electric potential — Electric field and equipotential plots, Uniform and Non-Uniform 
field, Utilization factor — Electric field in free space, conductors, dielectrics - Dielectric 
polarization — Dielectric strength - Electric field in multiple dielectrics — Boundary 
conditions, Poisson's and  Laplace's equations, Capacitance, Energy density, 


Applications. 


UNIT III: MAGNETOSTATICS | 9 
Lorentz force, magnetic field intensity (H) — Biot—Savart's Law - Ampere’s Circuit Law 
~ H due to straight conductors, circular loop, infinite sheet of current, Magnetic flux 
density (B) — B in free space, conductor, magnetic materials — Magnetization, Magnetic 
field in multiple media — Boundary conditions, scalar and vector potential, Poisson's 
Equation, Magnetic force, Torque, Inductance, Energy density, Applications. 


UNIT IV: ELECTRODYNAMIC FIELDS | 9 
Magnetic Circuits - Faraday’s law — Transformer and motional EMF — Displacement 
current - Maxwell’s equations (differential and integral form) — Relation between field 
theory and circuit theory — Applications. | 


UNIT V: ELECTROMAGNETIC WAVES 9 
— Electromagnetic wave generation and equations — Wave parameters; velocity, intrinsic` 
impedance, propagation constant — Waves in free space, lossy and lossless dielectrics, 


conductors - skin depth - Poynting vector — Plane wave reflection and refraction — 
Standing Wave — Applications. 
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aan 


Electromagnetic fields are present everywhere in our environment but are 
invisible to the human eye. The electromagnetic spectrum encompasses both 
natural and human made sources of electromagnetic fields. Electric fields are 


| produced by the electric charges in the atmosphere associated with thunderstorm. 


Magnetic fields are produced by the earth, which causes the compass needle to 
orient in a North-South direction and is used by binds and fish for navigation. 


Besides natural sources, the electromagnetic fields are produced by human mode 
sources such X-ray, Radio, TV, Mobile phone, etc. | | | 


| An electromagnetic field is a physical field produced by electrically charged 
particles. This field is the combination of an electric field and magnetic field. The 
electric field is produced by stationary charges (charges at rest), and the magnetic 
field by moving charges; these two are often described as the. sources of field. 
Electric fields are created by differences in voltage; the’ higher in voltage 
difference, the stronger the magnetic’ field. Magnetic fields are created when the 
electric current flows: the greater the current, the stronger the magnetic field. An 
electric field may exist even when there is no current flow. x ee S 


The sources of electromagnetic fields are electric charges, and the strength ofa 


field at any point. depends upon the magnitude, position, velocity and acceleration 


of the charges involved. An electrostatic field in which the sources are stationary, | 
SO ) that only magnitude and position of the charges need be considered. 
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1.4 Electromagnetic c Theory š 


EEE 


Electrostatics - I 


Let A and B be two vectors, 


The vector product (dot product) is given by 


A 


B AB cos 0 


It obeys commutative law. 


ven 
> | 


Fig. 1.2. 
A,a,+A,a,+A,a, 


B. a, t B, a,+ B, a, 


lI 


(Aa, +Aya Ae a): (B, a, * By ay +B, a) 
A, B, + A, B, + A, B, 


a, a, = 1 


‘a 


ay y ` y 


Vector Multiplication 
The vector product of two vectors is defined as a vector whose magnitude i is the 


product of the magnitude of the two vectors and the sine of the angle between 


them. This multiplication is called, “cross product”, 
Let A and B be two vectors. 


Aya, +A,a,+A,a, 


B, a B, a, + B. a, 
where -2,, a, and a, are unit vectors in the direction of x, y and z respectively, 


|Ax B| AB sin 9 


H 


x y 
A, 
B 


pow 


The vector B x A has the same magnitude but opposite direction. 
BxA = -AxB 


There are three possible operations with V. 


1. Gradient: The gradient of any scalar function is the maximum space rate of 
change of that function. If the scalar V represents electric potential, VV represents 
potential gradient. 


This operation is called the gradient. 
VV = grad V 


Seen 


Gradient of a scalar is a vector. 


| 2. Divergence: The divergence of a vector ‘A’ at any s point is defined as the limit 
| of its surface integrated i unit volume as the volume enclosed by the surface 
LE shrinks to zero. 

It can be expressed as 

| zp NERA 5522259 
| VWA = | az 3y + dy ay + oz Cp d, Ayta, Ayta, A; 

as ðA, OA, OA, 

i oe 8x oy or 

i 

|| This operation is called divergence. 

| V-A = divA 


Divergence of a vector is a scalar. 


E 
i 
i 
H 
Ë 


Divergence indicates the spreading or diverging of quantity from a point. 


—Ó aps 


Examples: (i) Leaking air from a ballon yields positive divergence. 


ii) Rushing of air into drum under the carriage of a train yields 
negative divergence. 
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| yin Si e Theory - EEE 
paese 1.9 


1.8 


mammen 


A differenti | WE 

| Ge volume element in oylindrical co-ordinate may be obtained by 

increasing p, 0, and z by the differential increments dp, dé and dz as shown i 
; | wn in 


Fig. 1.4. The shape of this small volume is truncated wedge. As the volume element 


A unit vector in a given direction is a vector in that direction divided by its 


X dy 


> 


magnitude. Yt is given by 
+ y'a, + dl a 
| : ety + 22 
Consider the points PŒ, y, 2) and Q(x + dx, y + dy; z + dz) in rectangular co- 
ordinate. system. Fig.1.3 shows the six planes define a rectangular parallel piped. 


becomes very small, its sha 
; pe approaches that of a rectangul i 
has sides of the length dp, p d and dz. — OUS ` 


^ 


| (dp) 


The differential length, dl = + (p dò)” + (d y 
ta D 


The differential length dl from P to Q is the diagonal of the parallel piped is given 
by | | ae ER | The differential area, ds = p dp do 
ai = N (dx) + (dy) + (dz) EE 
= p d? dz 


The differential area, ds = dxdy = dydz = dz dx 


The differential volume, dv = dx dy dz. The differential volume, dv = p dp d@ dz 


In this system, conside i | ! | 
| r . I ; 
| | any point P as the point of intersection of the spherical 


e dimensional version of the polar || 
; surface (radi = od | 
i (radius r = constant) conical surface (0, angle between r and z = constant) 


| The cylindrical co-ordinate system is the thre 
geometry. In this system, consider any point P as the 


co-ordinates of analytic 
intersection of three mutually perpendicular surfaces. They are a circular cylinder | and plane surface ( = constant). The metis 
con f e RM : F SO 
(p = constant), a plane (0 = constant) and another plane (z = constant). This is | Fig.1.5 depicts the co-ordinates of spherical.syst kai a 8, and 4. 
| | system. | u 


illustrated in Fig:1.4. The co-ordinates are p, b and z. 


RS 


oN 


A A 


CNREE 


ES 


r sin 0 d 


Ly | 
i X 


(a) 


Fig. 1.4. Cylindrical co-ordinate system i Fi 
Í | I ig. 1.5. The spherical co-ordit 
" — e e tate system 
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Co-ordinate 


` Variables 


Table 1.1. Summary of the co- 


M — —— — 


Cartesian co-ordinates 


1 Vector 


1 representation (A) | 


— 


Electromagnetic 


Cylindrical co-ordinates 


Spherical co-ordinates 


Theory - EEE 


Ay ge" Ag det A,a, 


A,a,* Agde * Aq di 


Magnitude | A | 


| Vector properties 


a,xa,= ay 


1 Dot product 


Electrostátics - 1 


Co-ordinate 


I Variables i | : 


A.B. + A,B, + ALB. 


eege eE EEE ÓN SE 


Cross product | 
(AxB) ` 


D 
Es | 


> 


D 


kaj 
e 
ta 


Og 
A 


P By z 


ag 
Ag 
Bo 


| Differential length 
| aD m 


a,dx+a,dy+a,dz. 


a,dp+a,dè+a, dz 


a.dr+a, de +a, dò 


i area (ds) 


L 


j Differential surface |. 


3 p 


a, dy dz 
ds, =a, dx dz 


ds, -a, dx dy 


ap p dj dz 
a, dp dz 


a.p dp dé 


a r sm dr do 


a, r dr dO 


a, rè sino dO dé. 


dx dy dz 


p dp do az 


+? sin dr dé dè 
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Electromagnetic Theory EEE 


ence of a vector field over a volume is equal 


omponent of this vector over the surface 


Bad 
S. f 


The volume integral of the diverg 


| to the surface integral of the normal € 


bounding the volume. 
ff V.Adv 
v 


Proof: The divergence of any vector À is given by 
| JA, DA, OAs 
VA Ta R oy Oz 
Take the volume integral on both sides, 
OA, OA, JA, 
| dv = PT —— |dxdyd 
joan - E mn 
y . : y l | I 
| [w dv = dx dy dz] 
jif py dr dy dz = {J d ER . dx | dy dz 
x9 ` Li 
DA 
But T dx= Ay, Aa = Az 
2] : | 
e : dA, | TEN 
i E eg dz = = J| A,ds 
ei H ER dx dy dz | J A, dy dz J ds. 
| where dydz = ds,=x component of surface area ds. 
Similarly, the following integrands become 
m 0A x 
fff ax dy de = fJ A, ds, 
yo oy ) $ Je 
r DA | ) 
fff = ans = la, ds, 


H 


tatics - I 


Electros 


DA; / 
or dx dy dz 


ii 


Then, ff v A dv 


Jf (yds, + Aydsy + A, de,) 


1 A 
E | - B A-ds 
5 


lll v «Adv = ff asas 


The divergence theorem applies to time varying as well as static fields. This 


theorem is used to convert the volume integral of a divergence of a vector into a 


closed surface integral. 


The line integral of a vector around a closed path is equal to the surface 
integral of the normal component of its curl over any closed surface. 
$H-di = f vxnas 
M l : 
Proof: "Consider an arbitrary surface. This. is broken up into incremental 


| 


surfaces of area As as shown in Fig.1.9. 


r 


AA 


of small surface As 


Fig. 1,9, Surface S consists 
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(1.20 


O aks am 


The vector F is the force between Q and Qo. | 
If the charge are distributed instead of concentrated. at one point, it is better to 


The vector form of Coulomb’s law is 
density are given below. 


define charge distribution-in terms of charge density. The different types of charge 


where aj, is the unit vector in the direction of rp. 


| QT) — 
4n £g (05 — ny (r5 =r) 


"ri 
H 


S Qi Q? [2 7x) a, + (va -pa) a, + (22-21) aj 
“An so ll) t (2 y *G-uY ES 
posite sign and is repulsive if the | 


The force is attractive if the charges are of op 


charges are alike in sign. 


Principle of Superposition 
.. Q, at distances 


Consider a system consi 
r, respectively. Th 
forces. This principle is called principle of superposition. 


i"! charge can be written by Coulomb's law, 


Q;Q; 
j li =j] 


sts of n point Charges Q, Q> ++ 
Fp Py ee e force on n charge is given by vector sum of all 
the individual | 

The force F; on the 


Q; isihei th charge. 
e charges other than Q; . 
^ and i!" charges. 


where 
Q; isany ofth 
; is the distance between the j` 


AE ATT 


Linear Charge Density 


It is defined as the total charge distributed over a line or curve. 


Lt AQ 
PE Xy AT. 


This gives the total charge per length. It is given by 


Q 
p, = 7 Coulomb/metre (c/m) 


It is defined as the total charge distributed over a surface. 
"a 
s As»ON As 
This gives the total charge per area. It is given by 


I Q o wen 
E s Coulomb/sq.metre (c/m?) 


Volume Charge Density 
It is defined as the total charge distributed over a volume. 
-— Án AQ | 
y Au — OL Av 


|. This gives the total charge per volume. It is given by 


y 


IE 


Q =. 
peT Coulomb/cubic metre (c/m?) 


o d 


aBavyo MTITI 7344 


| ` "1p woup 
oam mot ,4, souRjsip e ye urod Aug oq d 197 ‘LUT Sty ur umous se oui] poBzeyo 
om jo puo IUO WOJ ,/, DOURISIP B ye JP juouio[o jews e Jopisuo;) "onou/quo[noo lg 


st Áysuop od1eqo po əsou T, yysusy Jo oui padieyo mon e Joprsuo;)- 


ap'd 


Ansuayur pory 910999 ou Ap “d=!OV ‘oBreyp otun]oA 104 


ç 


A Dau 
té bo 
Se p^ P 


Ajisuoyui DIS oue ou * SP “de “Dy oFieyo soezIns 104 | 


NNA Na o s 25 


fe 5210150412214] 


Kyrsuojut poy 9119919 9 “Ip ld = 1y ə3wyo ou 104 


‘J od əy} JO 101094 uonisod oy} ST 4 MUA 
e 403 up 15 peu 
1 E YI Sed 
OV. 


se uns Jo yrum 20 ut peureaqo ST Kysuojut prey ooo SUL "op. 
931eyo € sutg]uoo uomoos qoeg Hu ou ut 0197 yoeoxdde yotym “swonvas jews u 
om snp SƏBIATD “d yurod Aue ye onnqunsip dry 0} anp PIY Doae ou] mp 


ot. (oumjoa 10 soejns “sur aq Aew) wonnqrnsip agreyo snonuruoo € J9pIsuo) 


uin i eu 


O 


"anouysyon SI DIS 9199919 Jo wun JoyOUR ou] 


SE 


i i 


uen 


quio[no)/SUO1M9N eae d 
D 41Ú 


4 3 Up 


bO 


q prey 9199911 


us 


TES 


a = J 


«wt s ,qUIOTNOD 01 BUIp1009Y 


b 

— = H 

d 

kq uoA SIY "agreyo yun 

jad 30.10] 1140979 ay) se POUP si dyisuayuil Dau 21442212 10. Dau 24122]? L 
| f ant g soouorodxə [I^ ‘poy sim 
om 1y8no1q 221819 Aue pue O oy} punore dn yos st poy oimoələ “2'1 O a3reyo poxij 
ayi punore 9910] ? sgouatiodxe aBreyo 159] SU p o3» poxy od} punore “edreyo 


1591 se y [feo "Ram Joujoue aaow pue uontsod ut poxy O ede e 1opisuoO 


TTH - QONI, 2112U8D1404]29] 


From the Fig. 11 š 


A 


The electric field at a point P 


The x and y components of elec 


due to-the charge element p, dl is given 
| P; di | 
dE = er 
tric field dE are given by 
dE, = dEsin0 | | 
dE, = dEcos Ü 
p, dl sin 0 
Then | dE, = Menn 
x-l = heot® 
_dl = -heosec^ © + d8 . 
and zz in’ 


r h cosec 8 


H 


.. Substituting the values of dl sid rindE, e 


The electric field E, 


| d (h cosec” 0 d0) sin 6 ^ 
de, ^ mne (h cosec oy 


-.  . ^ pin8de 


dE, = “Ash m 
due to the entire length of line charge is given by 
-92 p sin 0 dO 


aj 
t-a? 
D w 
= in 9 de 
OO ET Aach js 
01 
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Pi tn NE ° 
E, = eh [ cos a, + cos Ch] 
Similarly for y component of E, 
Pi 
GE, en cos 0 dü 
n p 41-05 
, | 
| By = DET d (cos 0) de 
dj 
D : T 705 
ET Ang h [sino], 
D f 
pou dcr [sin 0.7 — sin c | 
Case 1: If the point P is at bisector of a line, then o. = Gy = a. 
E, = 0, E becomes E, 
a ang h 


Case 2: If the line is infinitely long, then a. =0- 
d Ey =Q, E becomes E, 


y 


Consider a circular disc of radius ‘R’ is charged uniformly with a charge density 
of p, coulomb/m?. Let P be any point on the axis of the disc at a distance from the 
centre. Consider an annular ring of radius ‘r’ and of radial thickness dr as shown 
in Fig.1.12. The area of the annular ring is ds = 2n r dr. The field intensity at point 
1P due to the charged annular ring is given by 


ER 


E 
= 
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1.28 


eg 


The electric field intensity at any point P due to the two oppositely charged 


infinite plane is additive. It is given by 
Ps 


E 


Electric Flux (x) 
If a test charge is moved towat 


force due to the main charge Q. The lines of force can be desi 
AE The electric flux y eminates from electric 


ds the charge Q, the test charge will experience 
gnated as electric flux 


which is equal to the charge itse 


charge Q. 
AO 
Electric Flux Density (D) 


or Displacement density is defined as the electric flux per 


Electric flux density 
unil area. 
D = " | Coulomb/metre” 
A = Án y? | | 
a, Q 
D we 


An r 


For a sphere surface area, 


2 


wing statement, which is known as 


iS) 


Faraday’s exp 


Gauss’s law. | | 
The electric flux passing through any closed surface is equal to the total 


charge enclosed by the surface. 


eriments lead to the follo 


|| crossing ds is the product of the normal component of D, and ds, 
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Ds normal 


Fie. 1.15. Closed surface having charge Q 


Consider a small element of area ds in a plane surface having a charge Q and P 


be a point in the element. At every point on the surface, the electric flux density D 
will have value D,. Let D, make an angle 9 with ds as shown in Fig.1.15. The flux 


: dy e | D. xod das s p 
= D, cos 0 ds 
dy = B,-ds [dot product] 


The total flux passing through the closed surface is given by 


X [dx = j D, ds 


p= 


In terms of volume charge density 


x Q 


f oid 


v 


Proof: Consider a charge Q at the origin of-a spherical co-ordinate system, 
whose co-ordinates are r, 0, y as shown in Fig.1.16. The radius of the sphere is r. 


The electric field intensity due to the charge Q is 
| Q 
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1.32 


The surface over which Gauss's law i 
Gauss’s law. is used to determine the char 
electric field intensity (E) for symmetrical charge distribution. 


Consider an infinite line charge 


ordinate. Consider a circular cylinder of radius ‘r’ with length pu 


surface as shown in Fig.1.17. The electric 


of the cylinder at everywhere. 


[ 
| 


x 


A 


Fig. 1.17. Circular cylinder in cylindrical co-ordinate system 


By applying Gauss' s law tot 
Q = $ D, : ds 


H 
EI 
— 
Qu 
ta 
+ 
S 
— 
SS; 
ta 
+ 
e 


Eiectric flux on top and bottom of cylinder (except surfaci 


ZETO. 
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s applied 1s called Gaussian surface. 
ge (Q) enclosed or flux density (D) o 


of P, c/m as the Z-axis of cylindrical co- | 
as Gaussian | 


flux density (D,) is normal to the surface | 


ë of the oylinder) is 


r 


3 


H 


i 
| 
i 
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he closed surface (Gaussian surface) of the cylinder} ‘radius as shown in the Fig.1.18. 


Then, Q = D, fas = D, li H rd dz 
sides 
l 
iq 2x 5 
MEINE 
z =Ü 
1 
= D, J Jr, dz 
z=0 
Q = D,:2nr/ 
Q 
. D; = Sarl 
x— . 
paps the linear charge density 
Pi 
But 2nr 
Electric field intensity E = D, = i 
Ey RET 


Let a positive charge Q is uniformly distributed over a spherical surface of | 


e yon 


By applying Gauss’s law inside the shell the integral of flux density D over a 


isph | 
spherical surface (Gaussian surface) i is zero as no charge is enclosed by the surface. 


$D-ds = 0 r<a 
$E-ds = O 
E=0 réd 


Electric field is zero inside the shell. 
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nders of inner radius “a” and outer radius ‘b’. The two 
nsity of p, coulomb/metre. Let the 
as shown in 


Consider two co-axial cyli 
cylinder are uniformly distributed with charge de 
inner cylinder has: charge density of p, and outer cylinder has — Py 
Fig.1.20. Let E be the electric field at any distance r from the axis of cylinders O 


length /. The elemental area ds = 27 rl. 


È la t | 
Fig. 1.20. Cross-section of co-axial cylinders 


By applying Gauss's law 


$D-ds = py! 


| Example 11 ] Given that À = 43 * ay, 


A .(B x C) and (4 x B) SE 


èl Solution: B x C = 1 0 


TS 


B-à,*2a,andC - 2a, * a,, find 


Electrostatics -d 


eg 


A-(BxC) = (a,+a,)-(-4a,-a,+2a) 
= -4-14+0=-5 
MER + a, a, a, 
AxB = 1 1 0 xc 2a,-2a,-4; 
E 0 2 


(AxB)-C = Qa,-2a,-a,): Qay* a,) 


Example 1.2 | Show that the vectors 4-48,-2a,* 2a, and B=-6a,+ 
2 ⁄ tz TUNE 
3a,-3a,are parallel to each other. 


OSolution: A = 4a,-2a,*2a 
x y z 


= -6a,*3a,-3a, 


E 


Ul 


AxB = 0 
E a, a, a, 
| AxB = Liz m 
| -6 3 -3 
E x a, [6 - 6] - a, [- 12 * 12] +a, [12-12] 
= 0 
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— Vectors A and B are parallel to each other. 
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[ Example 1. 9 | | Evaluate the divergence of function V = xyi + 2 yj +3zxk 
| at point (-1, —1, 2). 


= 21+2y+22 QSolution: 
pe + | - - — 
KE Given: V = xyi+2yzj+3zx K, point P(-1,-1,2) 
a, a d a, From the definition of divergence, 
LETS WE. m an rS PNE | 
Curl. F = V xF = ER EN ES VM avt “ay! T (xy i 29 f 
E ue ur = y) + Zür- E Ga) 
] i ôx — «x 
- fa 0 AIR M C 5. T SE 
= a, 2 penu) Mi a Ed a 3 PON SPURS E | 
| Divergence at (-1, —1, 2) is 
_ | AY W 
oe ax 0") aye V. V (-1)*2(0)*3(-1) =-1+4-3 = 0 
(-1, -1,2) 
= a, 0* ay: Ok g 0-0 Divergence of function V at (— 1, — 1, 2) is zero. SE) 
| Example 1.8 ]fre5xi + 2yj - 3zk, find div r u [| Example 1.10] Find the nature of the field given by determining the 
@Solution: | divergence and curl F, = 30 E + 2xy d + 5x2 1,. 
Given: 7 = 5xi + 2yj -32k | OSolution: 1455-30 I, + 2xy Ti + 5x2" [a 
From the definition of divergence of a vector, d Div F, = V.Fj 
d pi | 0 
div p =. Ver d = Z 00) +3, Ow) + > (5x2?) 
e Art YE E TA 73211 
SE (Sxi+2yj-32k) i 0+2x+10xz 
Í : B Y Ey = 2x+10xz | 
= 61) + 509-702) ` | 
Ox Y x Divergence exist. So field is non-solenoidal. 
= 542-3 = 4 | 


curl F, = V xF, 


Divergence of given function r is 4. 
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Age 


| LE xa m ple. I. 1 ] ] Show that thé vector H=3y*z a, 
[is solenoidal. I 
@ Solution: 

V-H = s. ER 


d a) a) 
E nn AAA 2 
GAZ + At ON 


Ox 
= 0+0+0 = Ü 
V .H = 0. Hence H is solenoidal. 


x Examp le 1.14 || Show that the vector 2 xy a, 


irrotational. 
QSolution:— Let F = 2xya,+ (x° + 2 yz) a, + o? +1)a, 
jy 
= 8 PIE. 


2xy däs y +1 


Be 0 O ô 
S E HEEN SES 


S ð | 
+ a, E (x? +2ya) - Zam] 


= 5,0» -2)-2,0-0 +a, 24-2) = 0 


yxF = 0. Hence F is irrotational. 


J "Example 1.15 | Show that the vector E = (6 xy * z) a, + (3 i 
onal and find its scalar potential. | 


(3 x z — y) a, is irrotati 
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dob NU e 
+4x32/ a, +3x y 8 


_ Ü 2d e ES 
2) (3 y^ z-a, +4x z2 a,+3 DEEN d 


+ (ct +2 y2) a, + 0^ + UE 


EES 
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Seen 


@Solution: Vector E is irrotational if V x E = 0. 


a, a, a, 
ox oy Oz 


6xy +z’ 3x%-2 3xz'-y 


Mo 
y Oz y Ay L xz -J)-3 Oxy +2) 


= a [-1+1] - a, pz? — 3 z] + a, [6x - 6x] 
= 0 
| Hence E is irrotational. 


-Y.V = E = (6xy+z))a, + G3x”-2)a, + Gxz^-y)a, 


M am A D = 
(6xy +z Ja, +(x?-2)a,+Gxz'-y)a, 


| 
| 
| 


(2 xy) ) 


1 Ov 
== = 3xz"-y 


-ôv = (6xy +29) ax 


eet Then, 
- z)ay +| -y = |(6xy +2°) dx 
nM 1 ee 
: = 3x2y+xz2 +e, where c) is constant. 
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1,48 ' Electromagnetic Theory - EE Tectrost ati "nem = i = Sege Ee | 
o *—— 1.49 
TE Gs 2 z " 
. i ay a, a, 
oke (WÈ. ae ae lou 
| Ox Oy Oz Take Curl — VvxH=|/2 2 a 
i Ox oy Oz 
H, H, H, 
H H, H, 
oH, oH oH, 0H oH, 0H 
E MEA s jn — — (8H, 8H,) ..|8H, 9H. aH, ôH 
*\ Ou 0z FASON Oz z\ ðx dy = aso —- < TI eske n y x 
TAERA ` Take Curl once agai f di 
i in 
gx (ms m) ESO (e Ts : 
Ox X dy oz J Oy \ Ox az ) Oz V ox dy po e _ 
) a E S 
eH, OH, OH, ou, eH, aH, a a, 4 ; 
pu NAA UTC + SC VxV xH = x ay es 


= Bx dy Ox dz Oy Ox By oz * 02 Ox Oz dy 


Hence, VV xH = 0 
Prove that V x VV = 0. 


MESS a, 
a sa A : 
GSolution: Take Curl V x VV =\ax oy O 
av, av Y 
Ox oy Oz 
E Nl e gu du zie. ON 
as | gy dz dy Oz ~ Gy! ay az 0x Oz G, ax dy Ox Oy 


Hence, Vx VV = 0 
Prove the identity V x VxH= V(V-H)- VH where 


is a vector. 
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Exam le 1.25 | E GE field is known to be defined in a rectangula div.A = V-A 
co-ordinate system as, | | ] ð 1 
_ 1 UN OD 
_ Se AYE SE 
| d y2-3x " a, poe DU. rsno 30 (sin 0 Dy) + rsin® 06. 
, Determine ihe divergence of the field at a point (1, 8, 2/3) in the thre grad. v = Vv I 
ms pate ' | : | _ dv za T m | ð- 
Solution: Given the vector field, ap ar * 7 98 “9 * ysin0 04 e: 
EN YE | 
cu A = V x À 
ME Eun 
r sin 9 


div A K(x =|) 
Example 1.26 | Determine the expressions for divergence, gradient and curi i — a a, + ER 
Cl r|sin8 00 ap (frt ór X 90 ay | 


l coordinate systems. 


in cylindrical and spherica 
© Solution: Cylindrical coordinate system: 


div. A = VA 
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Electromagnetic Theory - EER an 
I E trostatics - I 
O | ano — P [157] 
| Example 1.31 | Given the two poinis. sa 
EX A ee Gegen E , l mE | 
a6=2y=3,2=-1) and Bo =4,0= 25° p= 120°) GE is each case in cartesian form, at a point with x = 1, y = 1, and 
x z = 1 unit. | 
Find the spherical co-ordinates of A and cartesian co-ordinates of B. 
. , . | QSolution: 
©Solution: Given cartesian co-ordinates Á(x = 2, y =3, 2=-1). | i 
r2 = x2 +y2 + 22 = 22 + 32 + (-1Y zd (a) Fe B u, incylindrical form 
r = [i4 | ENNER 
z _1 " F, 4, + E, u, +F, u, is general form. 
cosQ = > Ke ZER and F,=0 
9 = 105.5? gan | | 
y 2 i ' 
lam s 7 At point (x = 1, y = 1, z = ]) 
0 = SS | HEES "TESI < [vz=O0] 
- Spherical co-ordinates of A (r =/14 ,0=105.5°, 4 = 56.37). E 42 
Given spherical co-ordinates B (r = 4, Es 25°, 4 = 1209) i us 1 R 1 
| M si SS dp 
x = rsin9cosè - | | 
= 4sin25? cos 120° = — 0.845 But F, = Fe EE kw Fy =0] 
| E | a A x? + y? ag d 


y = rsinO sin ó 
= 4 sin 25° sin 120° = 1.385 
y cos 0 


= Acos 25° = 3.625 
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EA 


The field at (1, 1, 1) in a cartesian co-ordinate 


Cartesian co-ordinates of B (x = — 0.845, y = 1.385, z = 3.625) Q6 
ni le | 132 | 4 vector field is given by the expression: 


| => na > ] 12 
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(do dL Du (in cylindrical co-ordinates) Ja p R J "nin spherical form. 
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| Example 1.35 | Check validity of the divergence theorem considering the 
field D = 2 xy a, TA a, c/m? and the rectangular parallelopiped aa med by th 


planes x=0,x=1,y=0,y=2;and2= 0 z = 3. 


©Solution: By divergence theorem, 


ena 


"a EE E rt 
vD- (a EE TE 


[J Dends = 


(2 Xy a, vr a,) ES 


90x B 

- (19) Y +0 | 

= 2y+0 = 2y | 

1 23 | 

fv pa = j i / 2y dx dy dz i 
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f [6x ax ay 
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fi [2yz] f; dx dy 
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| Evaluation of ff Den ds 


(fD-a de = 


+ D- C2) dxdz + |fD-a,azdy + [J| DC 22 day 


ff 0-2, ay dz + [fD-Ca)ayaz + [Da dx dz 


(w-a,dyaz = ff xy a, +23) (A) dy dz 
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J D-(-a,) dydz = J (2 xy a, +x a) (-a,) dy de 
= 0 | [vx=0] 


a If (2xy a, tx à) (ay) dx dz 
1 3 l 
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0 0 


flee] dr 
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2 2 x? 
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LA. d = fex cos $ + y) I,dx* f [2x cos à y) I, * (2y cos o * x) E] 
0 l x 


divergence theorem, 
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: 0 yV 


A A A 
.[I dx 1 dy] + i (2 y cos 0 + x) l, dy 
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2 OS Í 2 ps 
= [x cos$] +[x” cos 0 + y cos] * Ly cos 6]. a 
| = (is (f sind dor, 
= cos + 0 — cos = 9 EL CAT 
asd = 0 2 
| = 105 | (-cos0), dd dr. | 
J V xA = SA dl. Hence proved. J EE Eé at E 
Ze e m 5p? ga i 2 | 
| | Example 1.37 | A vector field D = | 37 I, is given in spheriea = 101 i) [-C1-0] dr | 
co-ordinates. Evaluate both sides of divergence theorem for the volume enclosed Ñ | x 
between r = 1 and r = 2. W 105 f sd : | 
GSolution:. By divergence theorem, l EN E | | 
| f v.D dv = Ü D-nds Ee IS d | 
$s | 4 4 | | 
5/2] - f| V -Dav = 75 
D=| T i | 
| RHS of divergence theorem. | 
A Qu 4 | 
V-D = 57 EE sin 8 D,) KE D= D= 2 2m 2 : | 
r sin ON Or | GET | 
2 3 $ ` 4 I 
- — £ |,2 sing ar. — LO | 
r? sin 9 V ór 4. || 2 21 5 | 
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Electromagnetic 


Theory -EER | Electrostatics -I masi zi mal 


eege Ë EENS mon AS, | 
DA. ds = fa 7 dy dz + [jac i)dy dz + [Ja7 dx dz [fA X dxdy = f is 2 E dx dy | 
P 3 : 00 
NUNT [JAK dx dy+ (JACK) axa o 
S [i z2 dx dy 
- 00 
1 `: 
a f 22x dy 
0 0 
i | 
A EH [wz=1] 
40 
JA. CE) dxdy = 0 ss 


ÍA ds = 4-2+1=3 
Hence it is verified. || QO 


| t A = x 
| Example 1.40 | Given A = p cos 0 a, + p? a, Compute V x A and 


j V x A - ds over the area Š as shown in Figure. 
A l 


> > >| 
ay p ay a, 
© Solution: ^ N XA = d 2 2 9. [ 
P | dp O Ge 01] 
A, H Ay A, E x | 
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Electromagnetic Theory - EER 


LEE 


Elecirostatics - I 


f == 
[1-72] 
According to Coulomb's law, forc 


QQ 


An Eg d 


e between any two charge Q, and Q; is given by 


F = 


100 x 10-6 x 121 x 10° 
AAA Newtons 


eg 


43,14 8.854 x 1077 x (0.11) 


8.980 Newtons 


li 


F 
The force on Q, due to Q; is 8.989 Newtons. 


e the force between two charges of 1 C 


(ii) the diameter of th 


"Examj imple. 1. 43 | | Comput 


vacuum by a distance equal to (i) 1 metre, 


aoed in 
earth (1.27 x1 (7 m). 


©Solution: 
(i) Qi Q: = : "Example 1.45 | 
lm | 
Q I Q; Pe e | 
Force F LAE " a = — 719 . 93 9x10 Newtons GsSolution: 
dn X Ges 1 
(ii) OTS TO m 
"E l Ka charge is given b 
Ke — MANUS SC 7.087 x 10? Newtons i 
I5 x (27510 y 


4n x 367 


charge of 10 pc is located at (1, 2, 


[Exam le 1. 44 | | A point 3) and anotht; 


5 located at (3, 0, 2) in vacuum. 


Find the force betwee 


point charge of-3 uci 
them. 


@Solution: Q, = 10 pe = 10x 100 


Q, = — 2 pne = zx 105€ 


Unit vector 


|r 


1.73 
Ee = (3-1) a, + (0- 2)a, + (2-3)a, 
2a, - 24, - a; 
449451 73 
r _ da, = 2 a, - a, 
|r| c 

da,-2a,-a, 
3 a 

2a,-2a,-a, ) x 10? Newtons 009 


Two small identical conducting spheres have charge SEN al 


E coloumbs and 2 nano coulombs respectively. Y they are brought in contact 
"and then separated by 4 cm. What is the force between them? 


-1x10?C 24x10? 


210€ 


Es 
Quo 


Wh harge i | 
«When two charges Q; and Q, are brought in contact and separated, the new 


"M Urs C122)x10? 
Safe > = 0510 C 
- Q1 Qj 
4n ear? [04909570] 
0.5 x 10”)? 
I . 
4 -4 
qaw 10° x 4 x 10 
OO 
4 = 5,625 Micro Newtons 00 


01 x 49€ 
(TO) x qe. ce x Up " 193 up _ uN 
TT suo]JMaN $Z9S00 = "0L X 9-01 X ASTO) EDID 
tè o8reyo 01 Mp EQ uo 399103 AYI :uonnos e 
'saZanyo od 4210 2141 0] onp 234102 ouo UO 2240[ 941 
10112241p pub opnyusoul ays pul apis wo 0 [ Jo 9BUDIA] Wale á Jo SSC 
OUTER, ET pa pojoo] 24D ad cen Jo 294042 poj4]u22u02 28411 LF'I uud | 


jupi]nsoa fo uojoo4]p pub apnjuspui ayi pui] 214 ui UMOYS JO]NBUDIIOA əund 
p fo sooy40a ayi 10 pajwooj 2p sapo. pajo4juaouoo AOH | 9r T o husxq 
86 Su0JMON EPL6O'Q = 


suomaN Ch gem = Sg x SÍSOOXT = 


[0192 st juouodwoo x] 


woman (72 g0T0-”? GAN = 


A 

&-— 
z ín. Xp (Y £ , 
Cog - fo + 2900 = 3 


eege 
ME] s, quio [noo Wou En 5 - £p Q + *py) i 01 X vi 05 m 


0E soo | Eg | + ,0£ soo | Elg] = 4 'eo1ogp Wenn) AY] 


| 1 493 Up 
T n£ — mud 
suoJMaN 679500 = T - t5!) 
! 1 
uoç . | | 
(ro) x am o Ati VA an 
š I Ce ee See 4 
| = —— = |" Dici 
z1-01 x KG 0) 00 f ; 
ing oy = MM = 4 
Ce aBreyo o) anp t O uo 29103 AYI = _ 
1 P | vi | m i fp Lp ge Hd ye 9,01 X 01 = “0 E 
od gz'0 = ?D on ocn- D Sg | a P 
g A. TC CEO de SES 


ENN 
dos 


"D 


'u01J2841 
od gzio=*0 XO -saS4pwo pod omy ayi U22124 Sulls1xə 'u0119941p 


d 
E E 


= e A eg 


SLT | | [ - 80110180412914 | yay - (1004, 319uSpuu04199]1] 


: y "cl pup 
pu apnpuspui s1 pub aou0f fo o4nipu ayi ounusojog “dPpanoadsou (0 “I '€)P 


—) Jp poroo] 24D or (1 pun on (6 fo sod4Dyo 044 A | 97 


E TI I 


1.76 Electromagnetic Theory - EEE giocirostatics - 1 | 1.77 


enen 
— 


Example 1.49 | Four like charges of 30 pc each are located at the four 
corners of a square, the diagonal of which measures 8 m. Find the force on a 


©Solution: Force on Q, due to Q3 
QQ? (0201) 


Fy = E E d charge located 3 m above the centre of the square. 
7 Anto? qn x —— x (0.05) GE 
36n : | 
P 150 pe 
= — 72 Newtons | 
Force on Q, due to Q4 
5 à I 
Fi = Jie e U = —900 Newtons i | 
NES gare (0.02 J42+32=5 
Force on Q, due to Q4 l A 3m 
| Fig = 0220210" — = 24.137 Newtons ke 5 P | 
An x — x AQ 2+5) åm 
367 r=5m 


F43 


GSolution: Force on 150 uc at P due to charge at A. 


_ QıiQz _ 30x10-6 x 150 x 10% 
DÈ Ce ar 


An Eg" 2 
ki a TE TA 


(es 9 
| _ menn x9x 10 = LGN 


For on 150 ue at P due to charge at B, C, D. 
F, = F3 mc Es = D = 1.62 N 


0 = tan! 2/5 = 21.80? Total force at P due to all four charges 


Fax 2 Fu cos 0 = 124.137 cos 21.8? = 115.26 I I (FI = |F, | + KOR | Ex | + | Fs | 
Fray = Fig sin 9 i 124.137 sin 21.8? em 46.1 | ve 1.62 x 4 a 6.48 N 
F. = x components of F = F io + Fyq cos 9 = -72+ 115.26 = 43.26 Example 1.50 | A positive charge O, em occupies 
x 2 
l ; = the volume of a sphere. At a point in the interior at a 
= fF = Fi + F sin 0 = —900 + 46.1 = - 853.9 
F, = y componenis s EE p Wistance of 'r' from the centre, a small probe of charge. 
Resultant force F = Jr di E, tan” = | W +q is inserted. What is the force acting on the probe 
a tharge? 
= 955 Z -87.1° Newtons 90 
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Electromagnetic Theory - EEE 


“Example 1.52 | Calculate electric field intensity at P(3, -4, 2) in free space 


called by 
(a) Q, = 2 uc at (0, 0, 0) 
b) Q, = 3gycat(-1, 2, 3) 
(c) Qj = 2 ucat (0, 0, 0) and Q = 3 peat (-1, 2, 3) 
©Solution: 
(a) 
a, Q4 (0, 0, 0) 
P(8,-4,2) 
ni m Le teg Fa 
Mieco amn =r a] 
nit vector d»| | n- p | 


Ja AG Eg 


i 


E 


È Qi a 
dn egr? “ai 
D 2x 10-6 : 34,+4a,+24, 
i l 2 A429 
d 29 
kika DIT s 
589210 es -= = 


345 a, - 460a, + 2300, Vim 


Electrostatics - I 


Electric intensity at P due to Q, 


(b) 


831 


"e 


P(-42)*7 


a,(3-(-1)) + aC4-Q) + a, (2-3) 
GFI tt HE * (2-3 


ay 7 


44, - 64, - a, 4a, - 6a, : y 


TE 
4ngyr) ^! 
_ 3 x 10% Ad, - 6a,-a, 
| l 
4 2 A153 
a * V9) 
3x9x 103. 


53 [53 
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x y 
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| Electromagne 


tic Theory - EER] Electrostatics - I 


Total electric field at P due to q, and q, 


E = E +E, = 16.88 a,-8.44 a, * 16.88 a,+8.44a, 


33.76 a, V/m 09 
Charges of 10 uc, 20 pe, and — l5pc are placed at the 
corners of an equilateral triangle which has sides 6 cm long. The dielectric 
constant of the medium is 3. Find the electric field intensity at the centre of the 
iriangle equidistant from all the three charges. 


Example 1.55 | 


n = ¥O2-07 + @-CODY = 02m | 
— ^ 922,-01a,  022,-014, E 
an 0.2) +01) 022 
_ 02a4,+01a,  02a,+01 a, 
de "Jegen 9? 
20 uc 
Electric field at P due to q y 
| E; = d a 
LO Aner: n OSolution: From the Fig., 
| 023,014 3 3 
100 x 10% 02 a, — 0.1 a, pa — = ee 3.46 cm 
= 4n x 8,854 x 107? x (0.22) 0.22 cos0  cos30 
en 2 vi Electric field intensity due to 10 pc charge at P — 
= 16.88 a,-8.44 a, Vim SW ege I 
Electric field at P due to q; | dne 4mx8.854x e x (3,46 x 102) 
-27 = 25x10 V/m 
E» 7 4n S Sa | 
8 8 Electric field intensity due to — 15 pe charge. 
100x107 — 0.2 a, * 0.1 a, d 
=. 4m x 8.854 x 10°? x (0.22 0.22 aen 


16.88 a,+8.44a, Vim 


375 x 10% V/m 


4n x 8.854 x 107? x (3,46 x 102)? | 
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Electromagnetic. Theory - EE 


Electric field intensity at P due to point charge 3 nc at P3 


Q (1+l)a, + (1+1)a, + (1-0) a, 


p = —— A c 
3 Amey r? 3542.9 41 
Q [2a,* 24, * a, 
SS An T E V/m 
Electric field intensity at P due to point charge 3 nc at P4 
Q EE + 004, ls 
Cee A E 
Ë, = VI 
^ ATEQ p? 224] d 
E s do qd ù 
— m 
"mu LN 


Electric field intensity at P due to all four charges 


E = B, + Ej + Ez + E4 


Q |_ 2a ta, 24:+20y7 0 
SE a + —F= t —— + CTE 
Ae | 5) Gy HEY 
3 x 10? 4,401792, + 0.0894 a, + 00742, * 
+ 0.0894 a, 


be ug L 0.04 2, + 0.0374, + 0.12 ay 


* 36nx 10 


= 97 [02534 a, + 02534 a, + 12162] 


= 68312, + 6831, + 32.832 a, Vim 


57 | | Four positive point charges 1 


plane. at points (0, 0), (0, 1), 
ER 


4j). 


& 


 Elecirostatics - I 


0? each are situated in 


(1, 1) and (1, 0) m. Find the electr ic field intensity 


(0. 1) 


(0,0) D A(1,0) 


OSolution: Electric field intensity at P-due to A, 


E, a 
1 
2 
9 ma TY 
_ 107x910? 2% 2% 
E gou 
NE: 
9 da, 2 
el AE ee 
E _ 25.456 "ET 
i > Eich 12.728 [ a, -a,] 
Electric field intensity at P due to B 
Ia l (e 
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p—*p - &p4*p - *p4*p + “v-"viszi'zI 
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[fo-"v-] guzl = 'd 
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Electromagne 


Electric field intensity at any point outside the sphere 


S Q 
4x egr? 
H 3 
But Q = 15 npo 4 
8 
| Top a 
ig 4n £y r? 
| | 2p 0 
' Bc 15 £g r? 
The maximum value of E is evaluated by 
dE . " 
dr 
ge 
En 3 sg? 
dE pl Al, 
dr l3 5a 
p. 3 
iM 0 
a. Sa 
ae 
a H 
r= 0.745 a 


meters. 


Q (0.2, 0.1, - 2.5) 
— 


D di 5 nc 


P (- 0.2, 0, - 2.3) 


tic The 


io a point charge of 5 nc at Q (0.2, 0.1, -2.5) in air. All dimensions are i 


ory - EEN Electrostatics - I 


OSolution: rp = -0.2 a, - 234, 


rg = 02 a, + Ola, - 25a, 


E Pp=FQ 


= (- 0.2 -02)a, - 0.1a, + (-2.34 2.5) a, 


= -04a, - 01a, + 02a, 

E Ir] = V4" + (0.17 + (0.2) = 0458 

l arara en 

E nit vector £ = 77 = (458 

u Electric field at P. | 

| dn Ey TTAM 

H E 5x10? -042,-012,* 02a, 

|| T 1 0,458 

| dx pe (0.458) | 

d = -186.82 a, — 46.65a, + 93.52 a, Vim — e 

| Example 1.60 | A point charge of — q' coulomb is placed upon the origin of a 
ol rectangular co-ordinate system. Á second. point. charge of ‘q/2’ c is placed at a 

[ | 


[Exam de T. 59| |-Derenitedhe E field intensity at P(- 0.2, 0, -2,3) di, distance ‘a’ unit along the x-direction. At what point oong the axis of the set up 


a will there be zero electric fi eld. 


©Solution: Assuming a point x with co-ordinates (x, 0, 0) where positive test 


charge is placed. The magnitude of test charge is assumed to be unity. 
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Electromagnetic Theory - ER 7 ectrostatics - I | | 


emerat 


The charge just outside cloud » » a is zero. However, the electric field intensity 


at any distance r » a due to charge enclosed by the spherical cloud is given by 
ONU 
2 
4n r^ £g 
But EN 3 
f ut Qm en Tí pod (r =a) 
By applying Gauss's law inside the spherical cloud m E. a 
PEU -pod 
$ D-ds = Q pe e 5 
| f x4nr^tQ Apart 
x | geg Se 
—4np p 
E- 4n = — = — 
i Eq 3 £0 
m— — —— [|] 


O Q 
(0, 0, 0) (4, 0,2) 


-05x 1080 


O Solution: OP = (0-0) a, + (0-4) a, + (0 — 4) a, 
0 +(0-4) + (0 — 4 


O a r —= 


The electric field intensity inside the spherical cloud, 0 < r <a " 
| -4npor E | oka ~44, "ën 
Bs 7 A | 4f2 END 
(0-4 a,+0+(0-2)a,  -4a,-2a, 


3gg4nr d 
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1,100 


jòb! charge of 1 05 c. Find the electric intensity at a point 30 cm away from the}, 


disc along the axis. 


©Solution: 


= A df pr = 


(iii) P(5, 6, 1). 


OsSolution: 


| Example 1. 66 | An infinitely long uniform line charge is located at y = 
30 nc/m, find field intensity at: (1) Origin (ii) P(0, 6, 1) an 


— 
Electromagnelic Theory - EA 


eege lèl 


| Exam] ple L 65 | | A circular disc of 10 em radius is charged uniformly with al 


EX NEUES 
Ps "A xr? asi x 
g- |i m 
28| afp2+p2 
a 10-4/n | 0.3 
2 1 0.3 4 0.1 
36n x 10? 
Pal 0.3 3 
= 18x 105 | 1 — aq | = 18x10 [1-0467] 


0.63 


942.85 kV/m 


(i) Eat (0, 0, 0) 


P (0-3)a, + (0-5)a, =-3a,- 54, 
- or Ba +5Sa Ba +54) 
ké a af 32 + 52 A 34- 


OOF 


| Electrostatics -I 1101 
J -—— : 
E due to an infinite line charge 
p< PI —  -30x107? J 0 50: 
EL a Twa 
MENE 2 mpx 34 af 34 
= ~ (47.58 a, + 79:34) V/m 
(ii) E at (0, 6, 1) 
r = (6-3)a,*(1-5)a, = 3a,- 
_ M 3a,-4a, 3a,-4a 
a, = wn Ze FOE = = == E z 
(ei NE ? 
ZEN CS LENT 
2meyr " IriS Ga,-4a,) 
64.7 a, 86.2 4, Vim | 
(iii) E at (5, 6, D | 
= ($-0)a,+(6-3)a,+(1-5)a, 
' = 5a,+3a,-4a, 
DEER 
r cS = —— es 
(A VA NE 
d SE 10-9 | 
3 2569/50 y . 
lo o e 53.93 343236 a,-43.14a,) Vim ee 
| Example 1.67 | State Gauss law for the electric fields. Derive its integral ana 
ifferential forms. 
| Solution: 
| Gauss's law for electric field: The electric flux passing through iy closed 


y te ls E io the total charge enclosed by the surface. 


‘Mey ssner) 9110919 JO LIO] JERUP OW SI SIU], 


L5 4 ; 403 up 03 | 
00 jo Eq | d-QA 
A A 
.dÍ 24 
m. p'a = q a op df = ap G: A] is 
Ò 7 “suonenba om} 9AOQE oui 9ULIEQUIO;) 
4 Up Í | ES s 
ow s I aen: 
E W209} 39493 19AIP 3urá¡dde 4g 
| F 33 
“q Sip = O = sp: G $ ‘MET Seng O1IJ09[9 JO VIO] mot ou SI SIY L 
A i 2 A I A 
q Xp = e ET _ sp. a| 
0 | p A 2 
[0s00-];4 Quz = —€— d 2x 
| 0= 0 *Kysuop oBreyo Jo əum|oA JO suN9) UJ 
op ous, qw [| = Ze 
" = 
0=0 ! 
¿LóJop-0us "a f = sp: 'a $- IER 
| I fq UAI SI aoejINS Ge om vënon Suissed mg wem ML 
| ` 0=0 0=4 | 
ppop owsa | | = sp: a$ sp sq = Xp 
ME | sp.gsoo "q = sp: Teuuou*q = Xp 
Dp op- gus 4. d = sp: d 


sp pue “q jo yuəuodutoo [euniou aq) JO jonpoid om uəou st sp BUISSON xnj 201 | 


4 Bes 
Ap op QUIS ¿1 = sp drj UL UMOYS se sp YIM Q ə[8ue ug exer Sq PT 'S p yuoumlo ayy ut "mod 


q g pue O 291 e ZO oops ouv]d e Ul sp jueuio[o ews P 1opisuo) 


SI "D o) [euuou sp ‘4 snipes Jo o1ouds ^9 90B]MS UeISssney 2 104 
'D adseyo Sursopouo 4 snipes JO o1ouds e si soejins ueissner) ou] 1971 
d D 4 a ; 


4 


li 


a 


a =lal 171 
` “p uonoeip [erpez ut Ayisuap 00 əy} əq q “ereyds Jo snipes oui 3q 4191 


sp-a $ > O “we ssneg Ke 


wou S 
je a 


mo] $ SSNDL) Bu1sn g pup q dof suoissa4dxo ayi u1019Q | E I adu 


SOTT TH - (091.1 3ƏuSDUI04]92]I | TOUTT 


Electromagnetic Theory - EEN 


a, cm? in spherical co-ordinate, Find ihe 


Example 1.69 | Given D = 


charge density. (a) Total charge Q = fff p dv 
OSolution: VD. = p. (Volume charge density) 10-6 
| (w dv = r^ sinO dr dð d$ 
In spherical co-ordinate system, s 
| | 96r 31 20. 
Ay! R SE Ki 
ka pè Or (D) *, sin 0 — ; (sin 8 Dg) T rsin6 ô \ ER j ur ' ki GE 
me 2 | | Q = 0.729 pe 
(b) Total charge in a sphere at origin : = f p dv 
puo L s 10-5 i 
= jwe An +? dr 
jy : i 
P 2n R? x 10-6 
i | But R=1mm Q = 27x10% x 10-6 
Q = 2m x 107 Coulomb 00 
NH | G? + 12 Example 1.71 | Let D = 4 x a,-2ya,+2za,. Using Gauss's law, find | 
i he total charge enclosed by the region — ax y Ba a. 
L 3331 +91] | 
2 a1 
41) | OSolution: According to the Gauss's law | 
l 2.1 | 
= a a D: d = 
ETETEN 3 r^ [r^ +3] H $20 
i TEE n _ Using divergence theorem 
= 2 : c/m © : 
(+1) H 
| me ff v.Dav=a 
“Example 1. 70 | | In spherical co- ordinate, let p = er, find the ¥ | 
E Q = ] , 22 2T ke 
(a) Total charge in the region described by 10 sr 5 «20m, 28988 «3l dx % Ou ay + ës 9 (4x“a, - 2y ay, +22 a.) 
0.90 x à «0.96 7. 8x-2+2=8 
X-Zti = 6X 


The total charge in a sphere of 1 mm radius centered at the origin. 


AAA : : 


Solution: 


dl aa 
sp df = or| = Ü = À :uonnjos e 
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I H Ae e 
fp zp XP = sp tol pnd d ! Š 
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GC KU (e x+'D4)=a MOUNJOSG |. il A ee j I 
| I d 
E xp [Golf = | 
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00; 
| (p xp ¿Ax 09 {J = 
LI 
0 00 
(pxp [2,6091 || = 
LI 
000 
zp (p xp ¿Ax09 J {J = 
111 
o6 *0492 St 9DEJAMS DY) SOSSOAD soxn[j ju - S | a Se 
i ap.d| = OP] = :YO1M]O 
0 = | 
A 9| 0 dU x 09 = “dfiwu[SZ zs 0 pun [5 45 0 
uz $ 500 S01 = = OF us sei Í Y xs o áq pauyfap ownjoa ayi Ul 2dADi[2 ayi pad | ZZ T ETE 
. uc 
0 "0437 03 penba st sumoa Iy} Di posopuo a81eyo [8303 ML 
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1.108 | | B Electromagnetic Theory - EE 


4. 


Total flux passing through the surface 


Yectrostatics - 1 | 


Given two vectors: P —3 i tS j +2 7 um d A 


Determine the angular separation between them. 


ag Er 2 
y= f fni dra = 103 [> Kë 
0 


2 
r9 E 
= 103 [5 dz = 9x103c or 9me odi 


Define vector and scalar field. Give an example. | ü -8 
| NET 429. «110 


A scalar field is specified by a single number at each point. 
| 0 = cos-l(- 0241) = 103.942 


E.g. Temperature and pressure ofa gas. 


A vector field is.specified by both magnitude and direction at each point We What are the conditions for two vectors A and B to be (a) parallel 


space. 


(b) perpendicular, 


E.g. Velocity and acceleration of a field, | 
(a) For parallel AxB -0  . (cross product) 


l 


Define vector product of two vectors. 


The vector product (cross product) of two vectors A and B is a vector whic l 
is equal to the product of the magnitudes of A, B and sine of the angle betweel 7, Show that the two vectors A=6a SÈ a, - $a, and B=3 (a —a, +a.) are 
. f / Gr x y x 


A and B. 


(b) For perpendicular A.B.= 0 (dot product) 


perpendicular to each other. 


| AxB = |A|[B]sin 6 E "p 
"E GK a _ E A.B =6x3+1x(-3)+(-5)x(3) = 18-3-15 = 0 
Find the dot product of the vectors A and BifA=2a,-3a,+4 a, FEMME, | 
Vectors A and B are perpendicular. 


=-4,+24 y+2 a, | 
A.B = A,B,+A,B,+A, B, How can a vector field be expressed as the gradient of scalar field? 
= 2(-1)-30)+40)=0 Tue gradient of any scalar field V is expressed as 
ôV- ô- ON - 
de da TD sS n 


VV = | 
ay V Oz 


z 


Given A» 4, * 8a, andB=-2a,+6a,,findA-B. 


A-B = A,B, + A,B, + A,B 
x Px Pan PS whe e V represents electric potential (scalar). 


li 


4(-2)+8(6) = 40 


Gradient of scalar is a vector. Potential gradient V V is a vector field. 
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16. Find the divergence of F xy a, t yt E + ZX lz. p Represent in unit vector along a vector R- 6a, * 8a dy 


F ) + Zon + ee uod 
oh = Z VA - = = 
VP Z ay By Unit vector ap e SET 
V. F = ytztx = 0.6 a, + 08 a, 


22, Convert the rectangular co-ordinate (x, y, z) into spherical co-ordinates 


(r, & 9. 


17. Find the divergence of A where A = e7? (cos x a, — sin x a). 
a 
Z (e? cosx) + a. ay 


V.A —e sin x) 


= el sinx + e” sinx 


ii 


0 23. Represent point P (0, 1, 1) m given in cartesian co-ordinates, in spherical co- 


2 


e E e = A 
18: Find the curl of F = x° y dy y za tz xX Ay. ordinates 


Cartesian co- EE x =0, y= =lm, z-lm. 


di a, "a pl = por y? tz? 2091 
V xF = 2 EI a id v2 S 
ôx Oy 02 Sedi eae 
xy -yz Fx mou 
; " 2 0 = 459. 
mS 18.43 E. 25 _ Te Eed (8 I 1 : 
a yen ola d GL Et 
— |ð = one 
+ a, E -y^z)- hs : d Di 90 I 
Spherical co-ordinatesr =. J 2 m, 0 = 45°, q = 90°. 
— y dis z2 a, — vi a, | LN Write down the expression for differential volume element in terms of. 
| L spherical co-ordinates. 
19. What is the divergence of curl of a vector? I ` dv = r’sinOdr dé dé 
V.Y x H = 0 px Express the value of differential volume in rectangular and cylindrical co- | 
f ; | ordinate systems. 
20. What is the value of V x V xF x | | | 
E j | For rectangular co-ordinates: dv = dx dy dz 
yxyxF = VV.F-VIF Su 
For cylindrical co-ordinates: dv = pdp dè dz 
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ih 


(~ 0.855, 1.48, 4.7) 


H 


d = 5.07 


ordinates. 


33. Find the distance between (2, 


TT (4.7, 0.985, 0.347) 


GIE 


m= 


(4, 1/4, 6) 
yo” 
B 


il 


y, = 2sin 80° sin 30°. 


= 0.985 Venn 
z, = 2 cos 80° U 
= 0.347 tan!| 75) = = 71:56. 


A t Gy) + Gar2) 
2 
AJ r 6855). + (0985 - 148) + (0347 - 47) 


6.528 + 0.245 + 18.95 


2m3, 0) and (4, 74, 6) in cylindrical c 


Yi 


= r cosh = 2 cos (29/3) = -2 


lectroma 
er E TEUPeDe: 


34, Given point A(-2, 6, 3), find the spherical coordinate of point A. 
= [CA 


e sin 20° sin 120° = 1.48 
r cos Ü = 5 cos 202 


4.7 
2 sin 80° cos 30° 4453649 = 7 
l 3 
1.7 6 = cos = cos”! 7 64.62? 


zb a 


Spherical coordinates A (7, 64.62", - 71.569). 


35. Transform the vector A =y a, —x ay + z a, into cylindrical coordinates. 


Given: A = ya,-xa,+za, 
(x, y.2) = ef) 


Cylindrical coordinates: | | 
fx2ty? = fy? 4x2 : L3 


0 = tan! (yx) 
= tan! ti 
4 cR 


= rsinè = 2sin (21/3) = 1.732 
| 6. State divergence theorem. 


The integral of the normal component of any "vector field over à closed 
suiface is equal to the integral of the divergence of this vector field over a 


volume enclosed by the closed surface. 


Joa fro 


4 cos (1/4) = =2 
= Asin (n/4) = 2.83 


E State Stoke’s theorem. 


3 aL, ` The line integral of a vector around a closed path is equal to the surface 
(-24+2)° + (2.83 - 1.732) 
integral of the normal component of its curl over any surface bounded by the 


= A[(1.096)? + 36 path 


= 6,1 


$ Hedi f[vxH ds 


zp zy, DAG+"DXQI = A 
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80 
47. Find the Site of interaction between two charges spaced I 0 cm apart in (B d T: SS e E 
sa koni 0 


vacuum. The charges are 4 x 108 and 6 x 107 5 coulomb respectivel If th 
| p y. If he) 69, State the Ee of superposition of fields, 
same charges are separated by the same distance m kerosine (g, = 2), what 


the force of interaction? 


QI Q; 
For vacuum F = — ER electri Ic field at that point. 
Ax Eg? For the three charges Q,, Q and Q; at di 
_ 4x 10-8 x 6x 103. " p M2 4 at distances r, ra and rs respectively, 
= + CA SNE = 0.0216 N e total electric field at a point is given by 
36n x 10° 1 [0 Q Qi 3 | 
E AZAR? SH Qu 
For kerosene €, = 2 Ane ri ri ES | mas PI n 
Q IQ; 51. What is the electric field intensity at a distance of 
ae e of 20 cm from a char 
a An £9 € 2 0.0108 H 2 uc in vacuum? SCT ge of 
| . | o i 
48. What is the relation between intensity of electric field E and electric AE E = A z = 2x 10% 
ke T Egr 1 
lensity D in fr ? W. 4 2 
density D in free space | | It x Sox 1o x (0.2) 
D=cE c/m? where € is permittivity of the medium e 29 x 10? 
w "S | 0,04 = 450 kV/m ` 
49. Show by using Gauss's law: D = & E. 2. Find E at (0, 3, 4) m in cartesi ! , 
( )m in cartesian co-ordinates due to point charge Q = 0.5 uc 


Q 


For sphere, surface area 
Q 


Electromagnetic 


2 (0345, 6*2; 2. (k 22) 


The electric flux through any closed surface 15 


l 


etic Theory - EER | glectrostatics - m 


But electric field intensity is 


Q 


Ar £0 F 


2 F 


E = 


Substitute the value of D in the above equation 


-The principle of superposition of fields is stated as follows. 


The total electric field at a point is the algebraic sum of the individual 


at the origin. 


$ D-ds | (0, 0, 0) 
An rÀ | E | 
Ñ | 0.5 uc 
D. Aa pè 
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e 


58. State Gauss’s law. 
The electric flux passing through any 
charge enclosed by that surface. 
. n | 


59, What are the sources of electric field and magnetic fields? 


closed surface is equal to the total 


Electric field is produced by electric charge. 
Source: Presence of electric charge. 
Magnetic field is produced by moving electric charge. 
Source: Conduction current in a conductor. 


60. What is the application of divergence theorem? 
The divergence theorem applies to time varying as well as static fields. Thi 


theorem is used to convert the volume integral of divergence of a vector into 4 


closed surface integral. 
61. What is the application of Stoke’s theorem? 
The Stoke’s theorem. applies to time varying as well as static fields. Thi 
theorem is used to convert the surface integral of curl of a vector into a close 


line integral. 
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be represented either as a scalar or vector. 


uns usted Ra 


i ae tapi KEE Gett 


|Any physical quantity can 


kè 


| Scalar multiplication (dot product) of two vectors is scalar. 


| A.B = A,B, * A, B,* A.B, 
| a d, od 
| Vector product AxB=|A, Ay A, 
B, B, B 


— 
x 
se 

ta 


D mem 


Electrostatics - 


hi 


| Condition for two vectors Aand B to be parallel 


B=0 


| Condition for two vectors A a 


A 
id 


x 
B to be perpendicular 


Differential length di = 


Differ 


For cartesian co-ordinate system (x, y, 2) 


(di)? + (dy? + (dzy 


Differential area dx = dx dy = dy dz 
= dz dx 
e dv = dx 


Aen SE 


ñ 
H 
ü 
Y 


AB EN 
| Gradient: | i - 
` 8 WAN. S. 
Grad V = VV = dy A. — av 
Ra Ov y ` “Oz 
Divergence: 
= a», SON | 
AA yin. 
- Ox Ou 5 
| Curl: 
Curl A = V x A a | GOs pn o 
ôx dy 8 | 
A À A, | 
Vector A is solenoidal if V > A=0. u 
Vector F is irrotational if SP = 0. 
| Identities: V .V x H = 0 Sek 
VxVV = Ü ] 
VxVxH = | 


nayg Xq = q x 
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| Particulars: (Electric field intensity (Vim) | 


At any point due to charged circular disc — |- > i h I x = (3 +2 y? +1) a, +(4xy -3y 22-3) a, + (2- y?) a, is imotational | 
pè find its scalar potential. 
" pu the value of "o so that the vector 


ee 
| 
i 
| 
! 
| 
i 
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tr 
l 
E 
e 
I 
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no 
ENS 
Ee 
M 


poo point due to infinite plane charge | iud = | - (x v3 y) a, t(y -22z) yt D + az) a, is solenoidal. a [Ans. a=-2] 
1 l. | 9. ao the value of the constant a, b, c so that the vector 
| At any point between two infinitely conduc- pa 2 | E= (x +2y+ az) a, +(bx-3y- Lg) a, t (Ax +cy+2z) a, is irrotational. 
| ting planes P 
ES O 2 === [Ans. a = 4, b =2, c=1] 
ls any point inside the: charged spherical | E = 0 r<a E 10. Using the Divergence theorem, evaluate 

| shell JE ds = 4xz a, — y? ay + yz a, over the cube bounded by 

| | At any point outside the charged spherical Gaz Q E x y-0 x21, y=0, y=1,z=0,z= E [Ans. 3/2] 
x | shell Ant n x 11. Show that the two vectors A = 6 E a, and B = 3 (a, — a, + a are 
| | At any point between two shells m Q + 22 es Se | .. perpendicular to each other. | | | 

| Aner” 10D. Give the cylindrical co- -ordinates of the point whose cartesian co-ordinates are 
| Co-axial cylinders ` | D ` V | y =3 y=4andz=S, | [Ans. r=5, 0 = 53.15, z 7 5] 
| Boner State and explain Coulomb’s law. 


Derive an expression for electric field due to an infinite long line charge. 
State and prove Gauss’s law. 
Show that E = — VV. 


1. Explain the following: Gradient, Divergence and Curl Find the electric field intensity due to the presence of co-axial. cable with inner | 


2. Derive an expression for the curl of a vector using general curvilineaj ] conductor of p, c/m? and outer conductor of — p, cIm?. 
orthogonal co-ordinate system. Hence derive the expressions in terms di 18. What is dipole? Derive the expression electric field intensity due to a dipole. 
cartesian and spherical co-ordinate systems. pio Derive the expressions for the electric field intensity at a point P which is 
3. State and prove divergence theorem. | | situated “A” metre away from the disc along its axis, The disc is charged. 
4. State and prove Stokes theorem. E uniformly with a charge density of p, c/m?. 
5, Show that A - (Bx C)=B-(Cx A) = C: (A x B). ; 


6. Show that the vector 


charge of 0,3 ue per cm length. Determine electric field intensity E at a point 
H = (9-24 yz x2 yy FO xz + 2 xy) a, + Q xy -2xz *22)a;! 


j located at a distance of 3 cm above the wire and displaced 3 cm to right of, and 
both Steet and solenoidal. [ beyond one end. [Ans. 5.215 x 10° V/m] 
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V - volts 


This is the potential difference between two points ri and r5. 


4n EN; 


Aner ` 


Mese j 


If the test charge is moved from infinity to a given point (r = co) in the dea 


field, 


then, V = Vi 


Absolute potential or potential at a point is defined as the work done in movui 
a unit positive charge from infinity to a given point in an electric field. | 


Q 


Aner 


V = volts 


Conservative Field 
eS 


The potential difference, V = -{ E «dr isnot independent of the path. 


d 


In a conservative field the work done in moving from one point to another ! 


independent of the path. 


FE. dr =0 


This shows no work is done in carrying the unit charge around any closed path 


Any field where the closed line integral of the field is zero, is said to be! 


conservative field. 


IL 


[f two Dole: are separate 
mal force in moving a unit positive charge from one EC to the other will be 


exte 
dw = dV =-E-dr 
| Since the scalar potential V is a function of x, y, z the above equation can be 
| written as mE 
Mari D ay eS de = -E-dr 
This can be rewritten as 
AND avize (ON, = ON ai " e 
dy Ay Tu oy + a, 2; V a dx + ay dy + a,dz |= -E.dr 
VV - dr NES e 
Er = -VV i | 


Thus the electric field strength at any point is just the negative of the potential 


E gradient at that point: The negative sign shows that the direction of E is Oppose to 


the direction in which V increases. 2" hr 


Fig. 2.1. Line charge 
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Electromagnetic Theory - ERE 


“a 
SE 


Work done per charge is potential 


y =. 


radius ‘R’ is charged uniformly 
disc 
and of radial t 
=2nr dr. The 


Consider a circular disc of 
of p. coulomb/m?. Let P be any point on the axis of the 
centre. Consider an annular ring of radius ‘r’? 
in Fig.2.2. The area of the annular ring is ds 
P due to the charged annular ring is given by 

P, ds | 


| Ejectrostatics - H 


— 


From the Fig., 


with a charge density El 
at a distance from the Q i 
hickness dr as show x 

field intensity at point 1 x 


| Electric Potential 


Fig. 2.2. Charged circular disc 


Since the horizontal component of electric field inten 


component is given by 
p. ds 


ay An d? 


cos H 


sity is zero, the vertici 


V 


Substituting the values of dr and d in dE, equation 


then ` 


The total electric field due.to the charged disc 


The electric potential “V” at any point P due to the charged disc is 


H 


H. 


p, 2n r dr 
y Ane d? SES 
rs htan 0;. dr = hsec? 0. d0 
PEE 
d = sno 


p,2nrh sec? 0 - dO cos 0 sin” 0 


d d dn e r? 
p hsec O- sin? 0 d0 
TET es 
8 p, sec 0 sin? 6 dé " 
= AT [ey tan 0] 
P, 
= ¡—sin0-d0 Es sec 0 sin 0 = tan 0] 


“Ze 


B = 


E= — | 1 . 


0 


i i 
- [E-de= dx 
d 
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Electromagnetic Theory - EER i  Electrostatics - II 


2.10 


——— 


Constant electric field 


geegent 


differences between any two points on the equipot 
work done in moving a charge over an equipotential surface 1s zero. 

Consider a parallel plate capacitor with a potential across the plates. There isq 
constant electric field in the capacitor. All points on a plane parallel to the plates 
The planes which are parallel to the plats are known " 


ential surface is zero. Therefore 


have same potential. 
equipotential planes or surfaces as shown in Fig.2.4. 


Fig. 2.5. Uni, j 
. Fig. 2.5. Uniform field En Fig. 2.6. Non-uniform field 


Field utilization factor 


a 


[ , t l t f d h " t f € : 
i | n ] ct ; Ë 


Fig. 2.4. Equipotential planes or surfaces EE 


n Maximum electric field 


Consider a point charge Q at the origin. The electric potential at any distance ff 


from the origin is given by 
pi 


An Ep F 


, The PCI conduction properties of different elements and compounds can 
e SE in terms of the electrons having energies in the valence and 
conduct aterial 1 i 

lon bands. A maleria} may be classified as conductor, dielectric and 
semiconductor depending upon its energy structure. e 


All the points on the circumference of radius are having the same potential Y 


The surface joining all these points is equipotential surface, At different radi 
different equipotential surfaces exist. The surfaces nearer to the point charge have 
ause potential is inversely proportional to the radial distamg |. . If the valence band merges smoothly into a conduction band, then additional 
kinetic en pri , then additional. 
a Ç E may be given to the valence electrons by an external field, resulting 

an electri TE , 
ectron flow. The solid is called a metallic conductor. Since, there is no 


forbidden ener . 
gy gap for metal, the required appli , . 
> plied ener : 
has an excellent conductivity. pas XD amal, H 


higher potential bec 
(r). 


Uniform field 

A uniform fie 
common way to produce a uniform electric field is with a parall : 
stance. The uniform field is show If the forbidden energy gap between valence band and conduction band of a 


material is high, i ires i 
me e is high, it requires large applied energy to conduct. The material is called a 
electric, In dielectric, electrons are tightly bounded. | 


ld is one in which the electric field is constant at every point. € 
el plate capacitof 


The electric potential increases linearly with di 
in Fig.2.5. 
Non-uniform field 


A non-uniform field is one in which the electric field is not constant at evel 
lines tend to diverge in the direction. A no 


Eer 


AES 


ve 
n 


In electr j i | 
Sun omagnetics, conductors and dielectrics are defined based on the ratio of 
uctio i | current i 
oc n to displacement currents. Ratio of conduction current to displacement 
ent 1 | ivi | 
| s o/oe where o is the conductivity of the medium (material), £ is 


point. In non-uniform field, the field 
uniform field may be produced due to point charge as shown in Fig.2.6. 
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Electrostatics - Hi 
ee ee a 


Consider a capacitor composed of two 


2.14 | Electromagnetic Theory - EER 


conducting plates of area ‘A’ separated by a 


dielectric medium whose permittivity is "e". The 
space separation between the plates is ‘d’. If 


| Sas e l 
| potential “V” is applied across the plates, the 


+ + + +|+ + + + 


positive charge Q is deposited on one plate and 
me negative charge — Q is deposited on other 


This is the Poisson's equation. 


plate as shown in Fig.2.7. The net charge is zero. | 


For cartesian co-ordinate system 


- Fig. 2.7. Capacitor 


The capacitance of two conducting planes is defined as the ratio of magnitude 


of charge on either of the conductor to the potential difference between 


conductors. It is given by 


Poisson’s equation for cartesian co-ordinate system is written as Q 
E Ne Ma Rae | 
ox? oy? 0z* e The unit of capacitance is coulombs/volt or Farad. 
For cylindrical co-ordinate system, the Poisson's equation is J Assume that there is a uniform charge density D over the plates and dielectrio 
yee yo de av ee e LEE medium. | 
pap (P 0p) pi Lag?) Br e z ga 
For spherical co-ordinate system, the Poisson’s equation is l | ame i 
vy = a a E ov " p... sin 0 ov deg 17 SE - Ttis also waren in terms of electric field E as 
| rè. dr Or,  r^sinO 00 00) sido oy | D=«“E 
LOA 1 df Q. 
Cup A E A E E 
If the volume charge density (p,) is zero, then Q= AsE 
vèy = 0 | But electric field is given by ` 
This is Laplace’s equation. The operator V? is called Laplacian operator. | E T V/m 


Substituting the value of E in the above equation 
V 
Q= At a 


| Q Ae 


A capacitor is an electric device which consists of two conductors separated by! 


dielectric medium. 
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Electromagnetic Theory - EER 


2.18 


een 


lectric field intensity of the medium 1, 2, and : 


If E,, E, and E, are the e 
respectively, the corresponding applied po 


V = E d, + E,d; + Esd; 


Since the flux density D = SN is same in the three medium, the electric field 
intensity 18, 1 V = 
e a Ee Q 
1 B98, A E0 Er, The capacitance of isolated sphere is 
| Q Q 
| E a = V 4ner 
" Q C = Anger Farads where g =€)€, 
13 = ` " D a | | | 
A 80 Er, If the medium is air, then C becomes, 
Q | Q Q C = 4n8,r Farad 
Then, V = d, + d, + d; ` 
A £9, A €&,, A€&,, 
V BS B di + dy + di S m ` e 9 i " I rs : 
eya - Consider two. çoncentric spheres of inner radius of ‘a? and outer radius “b”. Let 
e, be the permittivity of dielectric medium between the inner and outer spheres as 
LE Af | C shown in Fig.2.11. - | 
E En Er 
l "ES A So 
The capacitance is given by EX d, d, d 
£, £ rj Er, 


Capacitance of an Isolated Sphere 
Fig. 2,11. Capacitance of concentric spheres 


Consider a sphere of radius r having a charge 
Q coulombs as shown in Fig.2.10. ore ae a) eee ai 
If the charge Q is distributed uniformly over the outér surface of the inner 


sphere, there will be equal and opposite charge induced on their outer surface of the 


The potential is the work done per unit charge 
in carrying a positive test charge from infinity to | outer sphere. 


the sphere. The absolute potential is given by ` Fig. 2.10. Sphere of charge 01 
: Pci NAR AME | 
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A oi Electromagnetic Theory - EEE | | | Electrostatics - II 
p 9, (1 AE Since the charge acquired by. each capacitor is same, then 
D Ee E Së + dor 
"Xr "Seet, a n EE 
| «is given b Op Ca EEN 
The potential difference between the conductors 18 given y l 2 Cy Cy 
e | 
= — PE dr The equivalent capacitance C is given by | | 
y ` : | Vi Vo 
ae Í Fo ode i t à C fie O V 
i ome d~a ; | | SS l l | 
p, : | á J | C= G, + G, | Fig. 2.14. Capacitors in series 
—. — |In PA Ge i TENE 
~ ANE d-a d Í If N number of capacitors are connected in series, the equivalent capacitance is 
i p 5 E | given by i 
ae WO ie 
P, dou NUES 
VE MN Md pom 
ns], P 
] conductors | | — 
The capacitance per unit length between two pars The two capacitors of value C, and C, are 
| | fj më connected in parallel as shown in Fig.2.15. The 
_—— = —— F/m " š š A . 
CoS oy St d-a voltage source V is applied to this combination. 
Ë a The total charge acquired by the equivalent 
| f£ Em capacitor is the sum of the charges “on 
W d»a LG" In d ndividual capacitors. 
A a : i ` 
. NOT. ission lines) Q=Q,+Q Fig. 2.15. Capacitors in parallel 
| | T between two conductor 18 alf (for transmis "Li 2 £ si p 
If the dielectric medium | = (,V+C,V 
ce, 7 1. LO. 8 = Ep D " ki The equivalent capacitor C is given by | 
A s CV=CV+GV 
" C = Ey + C 


If N number of capacitors are connected in parallel, the equivalent capacitor is 
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Fig.2.14. If potential 


*n- seri » shown in Iven by 
e cted in series as sho | | 
Two capacitors TTT the mm capacitors, V, and, Va are the potenti C- DËM, | 
a M e H enu 4 ; a i | 
difference V is applied SE Se | A 8 i 
DV d M d ` an resp * E . i n > 
differences of capacitors Cy 2 : Ec 


y = WV, + Y, 
A ora 
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(a) Consider a interface or boundar 
constants e, and e, in an electric field. 


Fig.2.17 shows 


be zero. 
V = $ E-dl = 0 


Dielectric 
Medium 
2 


Dielectric 
Medium 


L... 


Fig. 2.17. Boundary surface between two dielectric media 


Apply this to the rectangular 
and CD is just inside medium 2, as shown in Fig.2.17. 


fs 


Ax 


di = E, Ay + E, Ax — En Ay - En 


where, E, and Ey 


and AD approach zero i.e., Ar > 0. 


Then, En Ay - En AY SE .dl = H 


En 


The tangential component of E is continuous at the boundary. 


Ep 


A ne = == 
Electromagnetic Theory - EEE 


y between two dielectrics of dielectric 


the boundary surface between two dielectric media. Consider a | 


rectangle of length Ay and width Ax at the boundary of two dielectric media as 
shown in Fig.2.17. In an electrostatic field, the voltage around any closed path must 


path ABCD, in which AB is just inside medium 1 


are the average tangential components of E along paths AB 
and CD and E,, and E, are the average normal components of E along the paths 
BC and AD. As the sides AB and CD are brought closer together, the lengths BC 


 Electrostatics - II 2.27 


TT 
(b) Consider a pill box of surface area ds at the boundary of two dielectrics of 


dielectric constants e, and e, in an electric field, and it is assumed that there 
are no free charges on the boundary surface as shown in Fig.2.18. 


71 


Da š 


Medium 1 


Medium 2 Du 


L. 


Fig. 2.18. 
Apply Gauss's law to the pill box at the boundary. Since there are no charges 
enclosed by the pill box, the surface integral of electric flux density over the pill 


“box surface is zero. 


A bill box at the boundary surface 


| D, ds - D, ds = 0 


$ 
where, D,, is electric flux density in medium 1. 
D 


ds is the surface area of pill box. 
Dat D, 
The normal components of electric displacement or flux density are continuous 


across the boundary between two media i.e., they are equal. 
“If the charges are enclosed by the pill box, the surface integral of electric flux 


displacement (flux density) over the pill box surface is 


„2 is electric flux density in medium 2.- 


J Ds as = Dis ds = Po, dv 
$ . § . 
* | p, Ax ds [Gauss’s law] 
D,, ds - Dm ds = p, Ax ds 
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Potential at point V = — [E.dr 
-6y 6 
V=- |- BAJ dy + | 5dz 
6y Di 
= -| — + ge 
x 3 
Potential at a point A (— 7, 2, 1) 
2x6x2 
peces eq y 
Potential at a point B (4, 1, 2) 
2x6x1 ls 
GE EE 


Potential difference between two points A and B is 


Vas NEE 13) = 1145 Y Ç 
; X wo | 
(ii) pod V/m 
r = om 
Electric potential V = - TE. dr 
00$ 7 506 | 0.05 
= | Pu dr = -10 Inr | 
0.01 0.01 


= 1.61 x 10% y 00 


| Example 2.2 | Find the potential at a point (3, 5, 2) due to two point charges, 


one located at (2, 0, 0) and the other at (-2, 0, 0). The charges are 4 uc and — 5 uc 
respectively. (All distances are in meters). 


uunc. D 


egenum visites E a E 


| Electrostatics - II. 


B (2, 0, 0) 


` OSolution: 


(3-2)? + (5-0 + (2-0) = 548m 


` Potential at C due to charge at A, VA m - " | | ; 
-— 10^ — --6mv 
An x TEN T lé 7.35 
Potential ac due to charge at B, Vg = 77 ET A =6569 V Ë 
A ta * 5.48 
Potential at C due to charges at A and B 
V = Va t Ve 
= 6569 — 6122 = 447 V eO 
| Example. 23 | Six equal point in Q e? 0 nc are located at 2 3, 4, 5, 


7 m. Find the potential at the origin. 
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©Solution: 


Distance of point, A = 5m 
d= VP+s = 
S. 
Jr eut  4mx8.854x 107? sl 26 
= 235 V 
. The potential at a point on the axis 5 m from the plane of ring is 23,5 
volts. SI | 
T ` HM = 6 3 5 ~~ 7 : 
Exam ple 2. 6 | Given a ñ eld E = a, * X a, + 5 a, Vim, find thel 
potential difference V ,p between A (= 7, 2, 1 x and B (4, 1, 2). 
-GBy= 6. m 
© Solution: , E = mè. a + E SCH 
X M i3 š 
A 
Potential difference Vay = — f E- dl 
| | 1 | 
p | 2 ç I [ 
A 9y 2 
e =- f-73 dx - [Z dy - [Sax 
4 l 2 
E E e 2 l 
= 6 E: -7 -5|x 
¿ der Wu di 2 


66 6. 
Fc, t9 
x = 4, yl 
Vag = 2357-1235 +5 = 5,857 volts 
Pras BAD 
if me and D, 
E = - VV 
E E 
= 20) — (x2 yy + — (xŠ + 
20 a EH SE yy Trace 
Ex NL. 2y _ 
| DEE ii 


potential i is, V= 


09 


E Example 2.8 | In a rectangular co-ordinate referenced system, the electric 


x? + y? SECH 
Determine the electric vector that is the gradient of potential. 
EN | 
OSolution: Ve d me 
- 0 200. eg a 20 a g 
e A TO xbry tz? ax T y ty tz P 
a 20 > 
40' a E m 
= +ya,+tza,] Vim 
(x £y! 22) [xay + y a, " 
00 
Example : | 2 a adu aid Dot 
Example 2.9 | If V = 2 x*y * 202-3 + yè volts, find E an 
ef 232 | ES EON 
- ©Solution: E = - VV 
od 0 0. | 4 
= =| a, ox *%y ay ^ a ER Lais x 
ss 8x. in 2, 8y. = 
= + Tu +a,20 
= =| a, E ek a, " (2 + yy z 
(si) = = 60 + 0.0268) a, + (72 - 0.012) a, +20 a, ] 


59,974,-71.99a,-20a, Vim 
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QG-y)4-4xQx) (Q?-)4-4yQy) 


= -gg|2y + SE + 
eg = ty? xi y? 
: 4y es Age dat Ay 
= — 4V + EE eet + —.r s 
ËO ey xy? y? + y? 
: Ay? — Ax? + dc 42 
= -g Zut 
01 4X 7 y? +y? 
p, = -£9 2y 
p (1,23) = -8854x 10% x 2x2 
= 35.416 x 10 cn? 
So — 120 si 
Example 2,12 | Given: V - sin 6 


OSolution: 


E =-—V. V 


H 


E (3, 60°, 25°) = 


NOAA A 

ar rT rag oT rang 09 % | 
(-2 ea, I 12006050. ) 
kou (120 sin0) a, +; E ug J 


1 Ss — 
-3 [240 sin @ a, ~ 120 cos 0 - ay] 


7$ [2sin0 a, — tos a, | 


120 = 2 
> [ 2 sin 60° a, — cos 60° ay | 


[7.698 a, — 222247] V/m 


120 sin 60? 
a <= 11,55 volts 


EER| 


0 


E ectrostatics D > | 2.39 


Example 2.13 | 1 V = 2s volts, find V and E at P(3, 60% 259 where 


E | yis the electric potential and E is the electric field intensity. 


. 60 sin 0 
@Solution: V: 


V at P(3, 60°, 25°) 
V = 


For spherical co-ordinates 
E 


1 ON: 
rsinO dd ^j 


120 sin 8 


120 sin8 .  60cos0 _ 
n. A Sp A 


Eat P(3, 60°, 25°) 


120sin60 _  60c0s60 . 
Ba. c c ocn: 


3.85 d, - LI) än Vim. 00 


| Example 2.14 | Show that the displacement current through the parallel plate 


capacitor shown in Fig., is equal to the conduction current I flowing in the external 


:| circuit, 


V = Van sin ot 
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| Example. 2.16 | A parallel plate air core capacitor is floating with 10 y | 
across the plates. If the separation between the plates is now increased to double E 
the original value, calculate the new value of the voltage across the capacitor. U 


. ge 
Q = CN, MATOS C= d 


OSolution: 


If d becomes double, then new capacitance 


dui. 29 | 
qo 

yrs 2V 

vi = 2x10 = 20V Ans. e 00 


Example 2.17 | A flat slab of dielectric with relative permittivity 5 is placed : 
normal to a uniform field of flux density 2 c/m?. The slab occupies a volume d 
0.1 m! and is uniformly polarized. Find (a) Polarization in the slab and (b) total 1 


dipole moment of the slab. 
© Solution: E 
(a) D = € E+P | | 
D 
P = D-gE = P In [D=e,8,El 
` r 
1 1 
= D|1- SCH L= 
5-1 
= 2 rog 1.6 c/m^ Ans. w 
(b) Total dipolement = Polarization x Volume 
= 16x0.1 
= 0.16 coulomb metre Ans. "e OO 
[ Example 2.18 | A capacitor has two large horizontal parallel plates spaced | 
't' apart. A dielectric slab of relative permittivity e, and thickness t' is now placed 


e = == === 


I Flectrostatics -HI 
| 

x (between the plates) on the lower plate. A p.d. of V is applied across the capacitor 
| plates. Show that the electric field E, in the dielectric is given by 

x 

| T V 

Bp g t-t (g,— 1) 


eg 


and that the electric field in the air space between the top of the dielectric slab and 
¡he upper capacitor plate is 


» E, V 
£ e,t-t(8,-1) 


O Solution: 


| [mem 


The potential V is applied across the capacitor. Let V, and V, are the potentials 


| across the dielectric and air medium respectively. 
Then V = V,* V, 


Bu Vy = E, 


< 
l 


E, (1-1) 


< 
it 


Byt +B, (=t) 


The electric flux density D is the same for both the media. Then 
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Í “ectrostatics - II | 
T ne 
| @ Solution: The permittivity of any point in the dielectric medium at a distance 


| ; 


Electromagnetic Theory - Egg 

| 
0.01 x 8.854 x 1072 | 
2x10? 3x10? 


43 from the lower plate is 


| Ww S €, 7 €] " 
:z E . 
= (.059nF = 59 pF Ans. e SC d 
2 s= diler, ES 2x107/4 ud “Electric field at the point if D is the flux density 1s 
' V; dye, 3x10?/3 2 | Y a 
ME A = EI 
IE Bp cx 
V i+ V, = 200 V (given) 5 
V2 Ç 1 Electric potential at the point V = ~Edx = - ass dx 
> t V, = 200 E . 7 + > " 
3 V, 1 M" D i 
7$ = 200 The total electric potential across the capacitor 
| : | 
400 I D 
V, = = 133.33V Ans. e 1 y = -[Edx = -| T un 
! E dx 
V, = 66.66 V Ans. ze EL 
| [ SCH 
Vi 66:66 1 D e D 
= 7 di O 63 |. = — + = ne,- ns] 
E, d, 2x10? 33.33 kV/m Ans, e a Eu. dieto. X Noc [In e, 
Vo. 199/33 S 
E, = — = —— = 4444 kV/m Ans, e NUM. a 
? d, 3x 10° REECH In m 
L Example 2.20 | The permittivity of the dielectric of a parallel plate capacitor A D 2o 82781 
| mi ; Capacitance / unit area C "ANN P 
increases uniformly from e, at one plate to €, at the other. If A is the surface area | | | in| — 
of the plate and d is the thickness of dielectric, derive an expression for f a 
capacitance. ee | 
Í C = : = F/m^ Ans. e OO 
1 in| 2 
' “2 3 Ey 
| i ci | | | l nd by a 
E | | Exam le 2.21 | | Two parallel charged metal plates are sep y 
" | “distance of 0.1 mm and charged to a p.d of 100 V. If the charge is not allowed to 
| leak off and ihe plates are now separately by 1 cm, what is the new p.d between 


them? 
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| Example 2.24 | A parallel plate capacitor has two dielectrics with relative 
permittivities E, and Er) If C, is the capacitance when two dielectrics take same 


Baw C) 


[EN 
a | 


O Solution: The capacitance C, having equal thickness of dielectrics. 


£9 À 


E 


Electromagnetic Theory - EER E 


thickness and C, is the capacitance when one dielectric takes thickness 3 times of 
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34 di 
uc NE 
E Er 
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3d d, 
E Basch 
Er, Er, Eat Er, 
= == 7 
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mee SE RR 
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2.54 Electromagnetic Theory - ai 


— | 


A parallel plate capacitor has free space (s, 7 1). V is the voltage applied across | 


the plates. IFE is the electric field exists in the capacitor, 
then, Ed 
Now a sheet of mica of e, = 5 4 is introduced. The thickness of the sheet is 20% li 
ie, 0.2 d. fE, is the electric field intensity in 80% Bau 


free space and E, is the electric field intensity in mica. 


of free space distance ‘d’. 


V = V EV, 
E.d = E,x08d + E, x 0.2d 
E = 0.8 E +0.2 E, 
E, +4E, = 5E 
Since Dis same, E, = E and E, = ae 
gj Ey = €p8,É, 
E, = 54E, 
E, +4 (5.4E,) = SE 
E, 720,5 SE 
226E, = 5E | 
E S 2 - 4,52 00 


the spherical condenser is 53.33 pf. If the outer sphere is earthed, calculate the 


radii assuming air as dielectric. —— — 
@ Solution: The capacitance of spherical condenser is 
SN a 
i ab 
C = Jre} 
b-a 
b-a = 4x 10” Í 
ab 
(cvs RA x 10705 3 
4x 10 = 
= Me 


li 


kaa HE 


5333 x 10712 X 4 x 102 


ge TAN 
ab = 0.01917 m? 
b-a = 4x 10m 
b = 4x 107 +a 


a 


Substitute the value of “b in ab equation 
a[4x 10?+a] = 0.01917 
Aaa x 102 a 001917 = 0 
—4.x 107 + 


| Exam ple 7 28 | The radii of two spheres differ by 4 cm and the capacitance of : 


l 


= -0160r0.12 Ans. o 


0.12 m 
ae = 0.12 + 0.04 
0.16m Ans. “e 


Take the positive value 


© 


= 
H 


29 | A wire 8 mm in diameter and 10 km in length is suspended al 


a constant height of 10 m above water. Calculate the capacitance between 


conductor and earth. 
RA Wa es 
d 
| ZZ 
| Sea 
| W 
E EE e deele 
O Solution: d = 10m 
ech 
a = e Ee 
2 
] = 10km 
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[2.58 Electromagnetic Theory - ERE] 


Capacitance of other half of the cable 


O Solution: Area of plates = 30 cm x 30 cm I | 
Í K Eg Ep, Í = oppent = 9x 10° n 
i - l om 
| C, = "In(bla) Distance of separation = 5 mm = 5 x 10 
«ia a | l 
E CREBRO x3x10 = 12039 nF Medium = Ait 
d 5 Potential difference = 500 V 


These two capacitors are in parallel. The effective capacitance 
C = C, +G 


From the basic relation of capacitor, 


Ey A 9.854 x 107 x 9 x 107 | 


_ 8.854 11077 x9 x 107 
c = — F 


d 5 x 10? 
= 80.26 + 120.39 = 200.65 nF Ans, m 00 i 
C = 159.37 pF 
D = 5 x 10° c/m?. Energy stored in a capacitor, E = 7 C V° joules 
O Solution: gi : = E | 2n Ge "T ics (00) 1 
™ 60 Gy 
XD E = 19.92 p Joules Ans. ^e 
then P = | d 
£ e Energy store 
i Energy density = “Volume Um 
-6 
= JE Jm : , 
9x10?x5x 107 : 
= 0.0442 Jim" 
ee 3 OY 
- The energy density of the capacitor Is 0.0442 Jim, 86 


| “Example 2.36 | Two capacitors C, = 1 Ab ` 


the electric susceptibility is 4 and P = 2.5 x 1 07 cm. and C, = 2 pF are connected in parallel across a 


O Solution: P = 2.5 x 107 cm? -100 V de supply. Find the charge on capacitors. 


A Given: C, = 1 pF, 
P 2510" I 
E = N = 7.06 kV/m Ans.» 00 C= 2 ph, 
Example 2.35 | Determine the capacitance of a capacitor consisting of two I y = 100 volts 
parallel plates 30 cm x 30 cm, surface area, separated by 5 mm in air. What is the From the definition of capacitance, 
total energy stored by the capacitor if the capacitors is charged to a PD of 500 V? gè A > q=CV 
What is energy density? | | 
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Electromagnetic Theory - EER 


| Example 2.40 | 


(a) Two thin n with negligible thickness and dimensions of 5 cm by 10 cm || 
are separated from each other by 0.2 mm throughout their area | | | n A 
Determine the capacitance if dielectric constant of the medium is 1000. WI da | 


(b) fin a capacitor connected across a constant 125 H supply, 2 mJ of ener gy | 


| . TE V/cm. But the dielectric | 
is stored, determine the value of the capacitance. : Solution: The electric field strength is given S q S E — 
V ; i stren 1 
(C). J the dimensions of the plate in question a' are doubled and the distance ! s 30 kV/cm. Since the electric tie g 


| strength of air i 
of separation is doubled then what is the new capacitance? 


| dielectric strength, air will not break down. 


= 6,5), the electric 
. © Solution: IR) with the introduction of this glass piece of thickness 0.2 €, diu and glass 
(a) £, = 1000 l H eld strength changes. Let E, and E; be the electric field strengths in air and g 
i 1e : 
A = 50x 107“ m' plece respectively. desk 
t = 02mm = 02x 103 m NE Sak A at 
c = E80 1000 x 8.854 x 1077 x 50 x 107 Glass: d, = 02cm 
a j 0.2 x 107 n 
= 221.35 nF Ans, e | "TI 8g 
= low x D 
(b) W = 7 EV | f lH. E, = En 8, , 
2W _ 2x 0.002 | E 
C và (125)? 256 nF Ans. w | a B = = 
(c) Assuming square plates of s | u E, = e, Ej = 6.5 E, 
Given, A = 4x 107“ x 50 cm? x "— 
a + = S 
t = O4x 10m ] | E, dit Ea, = - 
c 1000 x 8.854 x 1077 x 40 x 1074 5 | 65 E, x 0.8 +E, x 02 = 29 kV 
04 x 107 | R m Wien 
= 442.7 0F Ans. e eet E ga 
Example 2.41 | A parallel plate capacitor with a separation d = 1 cm has | | E, = 6.5 E, 6. AYE 
29 EN applied when free space is the only dielectric. Assume air has a dielectric [ eds the dielectric strength of 
Ñ ' ic field strength 34.9 kV/cm exce | 
strength of 30 kV/cm. Show why the air breaks down when a thin piece of glass | | The new electric field sireng d and will begin to conduct the 
| 130 kV/cm of air and hence the air breaks down 
(£, = 6.5) with a dielectric strength of 290 kV/cm and thickness d, = 0.2 cm is | | 
. | | current. 
inserted as shown in Fig. | | 
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2.66 Electromagnetic Theory - Ep und 
, We  — fi fplate is A = (r, — rj) h and capacitance is 
The electric flux density between the two plates in cylindrical coordinates ¡y EE dee | 
, | - 
given by, Se ch " ^ 
D = Da a ou 
pè | ; g h(r, =") 
The voltage across the plates (one plate at 0 = 0 and another plate at y = a) js — Separation d = h " 
given by, pus ln " 
vss jedi E 
a ' E d = a i eo 
oa f Dy SA Ar d SS E= D 8 | h 
E - 4 (r dà aj) U : In a 
0 
ED y SD | Example 2,44 | Find the capacitance between the inner and outer curved | 
"e J SS, = B conductor surfaces shown in Fig. Neglect fringing. Find the separation which 
: results in the same capacitance when the plates are brought into parallel 
js RA arrangement, with same dielectric in between. 
ra i 
The charge density on the plate y = a is 
| £ V 
lcu) T 
The total charge on the plate is then given by 
h "2 T i 
T EV, s. 
Qe Jo, ds = ff ym dr, dz 
i 0 ri 
x SR pa 
£ 
ü J po hide = zdr 
ra a r 
W ry 
EVA Ta 
= ln — 
a r, 
NE SEE 
oF a In P 
uod B E 
C = vr a a ri Ans. *& 
A A 
For the parallel plates, C = p . d = E 
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2.70) 


Electromagnetic Theory - ER 


(iii) Electric flux density, D = g E | | 
Electric field intensity, E = ki = ETE 
(iv) Potential gradient = 250 kV/m 
je Deas 
= 8.854 x 107 x 3,5 x 250 x 10? 
= 7,74 pelm? Ans. -@ | 00 | 


parts are shown. There exists insulation between V = 0 and V = V, parts. Solve | 


Laplace e equation to find the potential function for the region inside the loop. 


Solution: Potential is varying with respect to y-axis and is independent of x and || 


Z-Axis, 


According to Laplace equation, 


Viv = 0 
a (av) | ON Qv 
dy ay = 0 : Ge =0 and da? =0 
Ges ou. 
ntegrating, E fo: ay +Ë = k 
Again integrating, V = Jj (kj) dy 
V = ky+k ER 
AC ys Van ` 
SE ake 


_Example 2.47 | A rectangular loop is shown in Fig. The voltages at different 


| electric field E at any distance r from the axis of one half of cylinder is given by 


Capacitance of one half/unit length is 


Flectrostatics - II 


` Substituting in equation (1), 


4 


Example 2.48 | Determine the capacitance of concentric cylinders with mixed 
diclectrics. | 


© Solution: Consider a concentric cylinder of inner radius ‘a’ and outer radius 
‘p’, Two dielectrics occupy in between two coaxial cylinders. Each dielectric 


(e, and e,,) occupies one-half the volume. 


_ A potential difference V is applied in between two cylinders. The two cylinders 
are charged at the rate of p, C/m. It is assumed that inner cylinder has charge of p; 
C/m and outer cylinder has charge of — p, C/m. By applying Gauss’s law, the 
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Potential difference between two coaxial cylinder (one half) is 
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Similarly the electric field E at any distance r from the axis of second half of 
cylinder is given by, 
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2.74 


| V 500 
Ev š 3 
ESTÈ n 100 x 103 V/m 
= 100 kV/m Ans. e 


]| 1] 
Energy density = 5 &E* = > x 8.854 x 10-12 x (100 x 103) 


l 


4.427 x 102 J/m? Ans. e OO 


| Example 2.52 | Determine whether or not the following potential fields 


satisfy the Laplace 's equation. 
(l) V = (2) V 


© Solution: (D V=x? -y? +2? 


y? +22, (3) V = rcos 0 + g. 


x? — = r cos à + z, 


Laplace equation in rectangular co-ordinate system 
SAV win to 


2 2 2 
DE O 
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2-2 +2 = 2 
Since V2V z 0, it does not satisfy Laplace equation. Ans. e 
(2 V="cos p+2 


Laplace equation in cylindrical co-ordinate system 


lò Eod me 92V 
W === = | — | + — 
VN + or ar) tae)” o2 
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plectrostatics - H 


Seng +z) =1 
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VIV = cd - cost +O = 


It satisfies Laplace equation. Ans. -@ 
(3) V = r cos 0+ $ 
Laplace equation in spherical co-ordinate system 
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Elecirostatics - II 
x | D D a 9,5 
Potential at any point is defined as the work done in moving a unit positive 


charge from infinity to that point in an electric field. 
Q 


Aner 


V volts 


2 Find the field intensity and potential at a distance 100 mm from a positive 


point charge of 10 nc. 


-9 
E= 5 = ——— = 9kV/m 
4m Eg F š I - (0.1 2. 
JAN... on 
An 
y = 2 = ae — = 900 V 
An Eg F 01 
AER 361 x 10° P ( ) 
3. Give the relationship between potential gradieni and electric field. 
E = -AV B 
SE ð- UR M 
zv du ax ^ ay ^ y ^: 


= 


| E 
4. Find the electric potential at a point (4, 3)m due to a charge of 10” C locate 


2.78 Electromagnetic Theory - EER 
| Example 2.54 | The interface between a dielectric medium having relative 
permittivity 4 and free space is marked the y = 0 plane. If the electric field next to 
H a T D a -> — SCH 
the interface in the free space region is given by E = 5 a, + 12 a, + a, Vim 
determine E field on the other side of the interface. 
© Solutions E, is the electric field in medium 1. 
E, is the electric field in medium 2. 
> > > 
E + Sa,tiza, +4, Vim 
SH ci | 
The normal direction to y = 0 plane is a, . 
— 
Eu = 12a, 
> > 
E ani SC ay + a, 
E; = Eu f Ewi 
| > > 
Etan = Ego = 54, + 4, 
Bu " En 
Ew? Eu 
BE = EG ero. ae 
f _ 2.70 > +> 
2 E, 2d Ena t Etan = 34, +5 a, + a; 
> o» > 


Define potential and potential difference. 


Potential difference is defined as the work done in moving a unit positive 
charge from one point to another point in an electric field. 
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coja 
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VAB V 


at the origin in free space. 


il 


5. Define dipole and dipole moment. 
Dipole or electric dipole is two equal 
separated by a very small distance. | 
The product of electric charge and distance (spacing 
moment. It is denoted by m = Q Í coulomb/metre where Q is the charge and / 


and opposite point charges are 


) is known as dipole 


is the distance. 
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[2.83 | 


mn Write the expression for the capacitance between (a) two parallel plates, 
(b) two coaxial cylinders. 


Electromagnetic Theory - Flectrostatics - II 


EER 


13. Define dielectric strength. What is the dielectric Strength of air e 
atmospheric pressure? 


ke 


The maximum field intensity that a dielectric can sustain without 


breakdown. (a) CHT 
where, A is area of the plates 
| d is the distance between the plates 


e is the pérmittivity of the medium 


The dielectric strength of air at atmospheric pressure is 3 mV/m. 


14. Electric flux density in a charge Jree region is given by D = 10 x a +5 y "d 
D ` S x 


— = 
+ k z2 a, uc/m?, find the constant k. I "uf 
; , TL £6 ; 
= -> > ~ In(dla 
D ES +kz2q (2) C l (d/a) 
i d where, d is the distance between two transmission lines. 
V.D=0= SE (10 x) m SE y) es E | a isthe radius of cylinders. | 
1 8. Express the valie of capacitance for a coaxial cable, 
= 10+5+2kz=0 ga dd 
2kz = -15 : ~ (bla) 
kant ? where, b is outer radius 
35 Ardia , n a is inner radius 
| ni ilal E ate capacitor has a charge of 10? C on each plate while the | E Find the energy stored in a parallel plate capacitor of 0.5 m by I m has a: 
| ifference between the plates is 1 000 V. Calculate the value of separation of 2 cm and a voltage difference of 10 V. 
! capacitance, | E 
i = 20 
Q = 103C A A En j 
| J ; 
V = 1000 V men EN ~ xl. 2.2135 x 10-10 F 
EE A e | 
Ve rem End Energy stored B = 5C V = 5x 22135 x 10-19 x 10? 
C e Lyr = 1.10675 x 107" Joules 
16. Determine the capacitance of a parallel plate capacitor with two metal plates 20. Write the expression for the energy density in electrostatic field. m 
of size 30 cm x 30 cm separated by 5 mm in air medium. AW _ Se Be DE 
Au ` 


A = 03x03 = 0,09 n 
d = 5x10?m 
9A 8.854 x 107? x 0.09 


C= T TT HEH 


21, Write down the magnetic boundary conditions, 
(a) The normal components of flux density B is ‘continuous across the 


1 


boundary. 
(b) The tangential component of field intensity H is continuous across the 


= 139 nF 


boundary, 
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| Equivalent inductance 


| (a) for series connection 


` CEET 4 


l L=L+L+2M (ading) 
| L=L+L-2M (opposing) 
| (b) for parallel connection 
eecht? EE 
DA i. M (aiding) 
L, L, — Mi 2 
| L = Lal ADM (opposing) 
| Widüctünoe of solennia 
| ug N'A 
| E ces = 
| inductance of toroid 
uy N° ° 
ae: MEN 
| Inductance af coaxial cable for unit length 
ER 
Ll An In " 
| Inductance of coaxial cable with solid inner conductor š 
Hoot d b. 
I DK E ‘9 In| = 
Lee an L2 H, + 2 Ñ Him 
| Inductance of two transmission ; lines per unit length 
|| L = Ho 351 d 
| = n| h, emos 
| Energ > stored i in magnetic field 
| Joe 
| W = > Ll 
tee - 
| Magnetic energy density W==BH 


Electric charge at rest produces an electric field. called electrostatic field. 
Electric charges in motion that is, electric current produce magnetic field, The 
| source of the steady magnetic field may be a permanent magnet, an electric field 
| changing linearly with time, or a direct current. We can ignore the permanent 
| magnet and consider the magnetic field produced by the current element. The 
| magnetic flux lines are enclosed around the element. 

| 

x 


| Magnetic Flux Density (B) 
Magnetic flux density is defined as the magnetic flux passing per unit area, Its 
unit is Weber/metre? or Tesla, 


0 webers is total flux passing through an area of A metre? , then iik density, 


H 
B 


uH 
is permeability of medium. 


Ho p, (H/m) 
4n x 1077 (H/m) free space permeability 


weber/metre? 


H 


D 
| where p 


H 


This is also defined as 


li 


L, is relative permeability of the medium 


H is magnetic field intensity (A/m) 


Magnetic flux (4) 
. Magnetic flux is defined as the flux A passing through any area 


0 = fB. ds weber 
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Electromagnetic Theor y - ERE 
—— 8 


From the Fig.3.2, 


Substituting this value in ‘d B’ 


From the Fig.3.2, 


Substituting the value of r, 


The total flux density is 


Bs 


This is the 


If it is infinitely long 9, = 


By Biot-Savart’s law the flux density at P due to the current element I dl 


_ Geld sin 0 


An r? 


dl sin 0 (atc) 


equation 


Ho I.r dü 


Amr 


= oun > 


sin 0 


— ww 


Hol 
4n d 


‘expression for flux density due to finite length conductor. 


The magnetic field intensity due to finite length conductor is given by 


I 


"d 


An d 


= 0, then 


[cos 9, + cos 0) | weber/ni? 


+ cos 0, | 


Magnetostatics 
The magnetic flux density at any po 


int due to infinitely long conductor 


The magnetic field intensity at any point due to infinitely long conductor 
1 
= 5 Alm 
H = 2nd 


Fig. 3.3. Circular coil carrying current I 
g a current Í and also consider a 


oil of radius ‘a’ carryin 
ed from the centre of the coil 


\ Consider a circular c 
be any point at a distanc 


| current element I dl. Let P 


as shown in Fig.3.3. 


The magnetic flux density at P due to the current element 


vol d 
ESCH sin 0 
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3.8 Electromagnetic Theory - EER] | Magnetostatics u 
mon — | | 
i i i i SES py a? NI 
The total magnetic field intensity at the centre of rectangular coil is given by : dB = 37 za dl 
H = H+H I 
aji 1 " Ü 
21 2 41 From the Fig., , = sind 
m = A/m 
T Ala? +b? x A| a? +b? EE 
| sin 0 
For square loop of side a, | ` 
ya 39 NI g 
then dB = 55 sia ] 
ue sin? 0 NI ay 
" Ze l j 
From the Fig., r dð = dl sino 
: : : [| r dO 
A solenoid is a cylindrically shaped coil consisting of a large number of turns i d" Gest and 
wound on a non-magnetic frame. LI | 
; . | "T | = rsin 0 
Consider a solenoid which has N turns of length / whose mean radius is ‘a’ Pl GE 


carrying a current I. Substituting these values in ‘dB’ equation ` 


uo sin? 0 NI rd0 


Let P be any point on the axis of the solenoid where flux density is to be 


determined. dB = ring l sino 
, . + NI 1 Ho NI sin 0 dO 
Consider an elemental length d/ of the solenoid carrying the current of =F dif | | B Y 
ide DEER ES | The total magnetic flux density at point P due to whole solenoid is given by 
| 1-05 
B-^5; J sede 
gd 
NI 
B = EIE [ cos 0, + cos 8, | 


The magnetic field intensity due to solenoid at P is given by 


H= an [ cos 8, + cos 6, | 


Fig. 3.5. Solenoid 
| x The flux density due to the circular current element at point P is given by 
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Ampere’s circuital law 


States that the line integral 


of magnetic field j 
about any closed path is exactly equal to the di 


Ampere’s law is 


a Special case of Biot-Savart’s | 
Gauss’s law 


and it is easily applied to determine 
Stribution is Symmetrical 


aw. Ampere's law 


is Simi] 
Magnetic fiel 


d intensity y 
the current di 
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W en 
Applications 


Applications of Ampere's law to an infinite line current and infi 
sheet and infinitely long coaxi 


Inite ] 
al transmission | 


ine Currey 
ine are discussed as foll 


OWS, 


long filamentary current 
Fig.3.9. Let P be any poi 


the Z-axis as Shown in | 


« Consider a closed path 
as Amperian path, Since this path encloses the 


Whol 


e current I, according to Ampere’s law 
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t sheet in the z = 0 as show lar (Amperian path) 
a SCH a. A/m. Consider a rectangu 
i heet is K =k,a, . 
A d ? p. " 
h by applying Ampere s law 
p f H.di =1= k, 
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Since no current Is enclosed. 
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| lisa force acting on this particle. 


In a electric field, the force acting on a charged particle is given by 


This electric force is directly proportional to both electric field intensity (E) and 
magnitude of the charge (Q) in the same direction as the electric field intensity. 

In a magnetic field of flux density (B), a charged particle moving with velocity 
“y” experiences a force which is given by 


Eu = Ov xB 


- The magnetic force is proportional to the product of the magnitudes of the 
charge, its velocity and the flux density B and to the sine of the angle between the 
vectors v and B. The direction of the force is perpendicular to both v and B. 


The force on a moving particle due to combined electric and magnetic fields is. 


given by 
FgtFy = QE + QvxB 


Q (E + v x B) 


This equation is called as Lorentz force equation. 


When a charged particle moving with velocity v in a steady magnetic field, there 


Consider a differential element of charge consists of a large number of very 
small charges moving with velocity v in a magnetic field of flux density B. The 
differential force exerted on a differential element of charge is the sum of the forces 


on the individual charges. 
dF = dQ vxB 
The differential element of charge is expressed in terms of volume charge 


density p, . 


dQ = p,' dv 
Then dF = p,dv vxB 
But current density J = p, V 


Substituting the value of J in differential force 
| dF = JxBdv 
J dv can be expressed as differential element I dl. 
Lorentz force equation is applied to the differential current element. 
| . dF = Idl xB 


.. 


The force due to entire conductor, 
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The magnitude of the force is: F 


where, 0 is the angle between B and I. 


Consider two straight, long parallel conductors P and Q separated by a distance 


‘d’, Let I, and L, be the currents flowing in conductors P and Q respectively, 
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Electromagnetic Theory - EER 


—— 


In vector form, torque can be represented as 


T = mx B 
T 


mm y 


B 


The magnetic moment is defined as the maximum torque. on loop per unit 
magnetic induction. 


Scalar Magnetic Potential 


Ampere’s law stated that the line integral of the field H around a closed path is 
equal to the current enclosed. 


j H.dl = | 
If no current is enclosed i&, J = 0. 
$ Hedi = (0) 


Magnetic field H can be expressed as negative gradient of a scalar function. 
H = YN 
where, V, is called scalar magnetic potential. 


V, = - [Hod] 


This scalar potential also satisfies Laplace's equation. 


In free space, V.B = 0 


ug V-H = 0 
But, H = -VV, 

Ho V «de VV n) = 0 

-uo MIN, = 0 

vèv, = H 


Vector Magnetic Potential 


Scalar magnetic potential exists if there is no current enclosed ie., $ A dl = 0 


If current is enclosed, the potential which depends upon current element (vector 


quantity) is no more scalar but it is vector quantity. 


agnetostatics 


Since the divergence of a vector is a scalar, vector potential is expressed in curl. 
ie, V.B =O 
B = Vx À 


where, A is magnetic vector potential. 


Take curl on both sides, VxB = VxVxA 
By the identity, V x V x À = V(V-A) — V/A 
Bu VxB = y) 
V(V.A)- VA = pi ^ 
For the steady dc, (V-A) = 0 
then, -V2A = pi 


à, Va, + a, VA +a, VA, = -n(a,T, *a]y + 9,3) 
Equating VA s — Hl, 
L VA Tou, 

VA, = -pd, 


S They are in the form of Poisson's equation. From the above equations, the 


magnetic vector potential can be written as 


A, = = ] E dv 
Ay * I 2 dv 
D = E | | ` a 
The general, magnetic vector potens! can be expressed as 
A = E fla av 


vI=/%0 ` 
VI = w 
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Lee 
ux density is given by 
B = p)(H+M) 
M 
po H 1 + q 
But B = pH 


Fig. 3,15. Bar magnet composed of magnetic dipoles 


wating these two equations, 


u = Ho (1 +) 
But p = Ho Hr 


If A is the area of cross-section of the bar ma 


gnet and / its axial length, th 
volume of the magnet is A / (Fig.3.15). The dipole moment of the bar magnet 
a h I 


tions, the relative permeability i is 


m these two equa 
E pu l+ Xm 


The net dipole moment per unit volume is called Magnetization. it is 


tL 


ime vidal ` 
field intensity. It is denoted by y,, . | E | Fig. 3.16. (a) Tor 


represented as vector M. 


M = Dipole moment: a Qn! nt for all values of H, especially in the 


D may be consta | At 
Volume Volume The ratio between B aa x Gs aceristics curve showing the variation o A 
f ferromagnetic materials. con CURVE: 
Ha | pase See B) with field i intensity (H) is called Magnetizatio 
M = A? Am flux density ( 


M can be defined at any point in the bar magnet by 


a f NE em 
M = Deg de A/m “m=IA=Q 


l 


| 
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Magnetic Susceptibility 


Magnetic susceptibility is defined as the ratio of magnetization to the magnetic 


ms 


| i i dary 
uh ferro! i e which has primary and secon 
i toroid with ferromagnetic cor i me 
| TA we coil is excited by a variable DC power supply which dis ns 
nU us an be measure 
es n is field intensity H and its corresponding effect c ka m A 
» » E at the secondary coil as shown in Fig.3.16(a). The value 
ux me | 


rough the toroid. 
iis x decreased by increasing of deureasing the current throug : 
UN nn o to a certain maximum value and the corresponding 


Xn 7 


It is dimensionless quantity. 


In a free space, the flux density is given by 


Now H is increased from zer 
ee pk 
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Electromagnetic Theory - EEE 


Professor Oersted demonstrated that magnetic field is produced by changing 
electric current in 1820. Michael Faraday showed that an electric current is induced 
by changing the magnetic field in 1831. This phenomena is known as 
Electromagnetic Induction. | 


By Faraday’s law, changing current will produce an induced emf in the circuit to 


oppose the “change in flux. This phenomena is known as self-induction. Self- 
inductance of a circuit is the property. of the circuit by which changing current 
induces emf in the circuit to oppose the changing current. 


Consider a coil having *N' number of turns. If changing current (alternating 
current) is applied, the emf is induced in the coil. 


The induced emf is proportional to the rate of change of current. 


where L is the self inductance (i.e., constant of proportionality). 
From Faraday’s law, the induced emf is | 


dé 
v =N dr 
Equating these two equations, 
di dà 
La “Na 
de 
L. =N dr 
If the permeability is constant, then 
No a 


LoS 


The inductance is defined as the ratio of total 
current through the coil. 


magnetic flux linkage to the 


agnetostatics 


| some of the flux links coil 2, say Au, The induced emf in coil 2 is given by 


du 


N 7 


Fig. 3.20. Coupled circuit 


“Since flux q, is produced by first coil current i, , the induced emf v, in coil 2 is 
proportional to the rate of change of current i, . 


| Ya e. dr 
di; 
yv, = M mg 


A 
\ 


i where, M is the mutual inductance between the two coils. 


Equating these two equations, 


dh y Hu 
M g NT 
-2 di, 
 Ifthe permeability is constant, 
N, Ou 
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3.32 Electromagnetic Theory - EEE 


t ——— aaga A ÁÁÁ 


Similarly, if the flux ,, is produced by second coil current i, , the induced emf 
v, in coil 1 is proportional to the rate of change of current i. 


di, 
Dr Ze 
di, 
dy 
From Faraday’s law, y = N. “Mi 
Equating these two equations, | 
x dé 
Mo 
If the permeability is constant, then 
Ni An 
M = + 
l 


The mutual inductance between two coils is defined as the ratio of induced 
magnetic flux linkage in one coil to the current through in other coil. 


The fraction of the total flux produced by one coil linking a second coil is called 
the coefficient of coupling (K). 


goths fa 
hn A 
The mutual inductance is given by 
M = 2 and M = ak 
ki a 
5 Np du | (Ni da 
M = | — — | || r 
H a 


Substituting the value of Aus and $5, in terms of K 
NKé | (NiK oy 


M = 
ha la 


DEE 


Magnetostatics ` ,- 
, [N2 01 1 (Nie 
E Ee 
A li j la 
Ni N, $ 
M = LL pope eee 
l 2 
~ Ms Eat 
M 
a E 


Since Au S e, or 0, S ha. the M «4] L, L, 


ie, Kisalwayslessthanone. K <1. 


Series Connection (Aiding) 


Consider two coupled coils of self inductances L, and L,. Let M be the mutual 


inductance between them. The two coils are connected in series (aiding) as shown 
in Fig.3.21. 


Fig. 3.21. Series circuits (aiding) 


Since, the current is entering both the coils at the dotted terminal, it is called 
series aiding connection. ie., M has the same sign as L. 
~~ By applying Kirchhoff's law, 
zs dis e db o si o d 


L; ai +My *tLgi tM 


ff 


v(t). 


Ly +L¿+2M0 Gi = wn 


ü 


The equivalent inductance L = L, +L,+2M 


QN- ds d | 
ONz-' 147 DA ` 1 | [100 pue | [109 ynom} Sumo], sjuo1mo etg eq t pue l1 197 
3 : d 2 ex KR = E di E | i ` ` (Butpin) nno IAM "c'e “BLA 
N-"DA ANTE DA. | ps | 
(qup = [ uomo mot 


WC CH? _ ren 


(N-'DA 

SÒT sw 
{sH sly 8 (01 ud | | | Cc e rq ur umoys se (Burpre) Jojpezed ut pə1oəuuoo s]roo OMY ay} 1opisuoO 
()A SIN (Butpty) uonoauuos |ejesed 
()A S'I 
(N-TDS_ (gy 
E | d 

ON DA WZ-“7+!7 = 7 souejonpur mapambo ay 

ei snm | 
| Ip u 

SA s TL L (s) “suorjenbo əsa Buta[os ` (J) = m (xc- 1 "D 
SW (A a te Tt (ja = Ene Bi, En En 

(SA 1 (Oi SÒ SW | | Ip i2 It IP 

(5)A (lI | | sw. sly BE me] s joumqoary Buidjdde Ag 


| (Suisoddo) 7109412 soua ZE “51 
(JA = (IST +O) SW. ) S (CE “SLY 


` (SA = (TSW+(Q'15'7 
“suonenbo oq (oq 107 uriojsuei] eov[de'T oy) dure 


11 


"d 


7 


We | (Na = 


a i 
uU T — t 
W W 


Da. 


"] se u31s o3isoddo əy} seq JN "27 uonoəouuoo Buisoddo sauos po[[eo St 11 Teunuua] 


‘Mey S JJOUYOIN poyop je poo Joo Suragaj pue Tea popop je [109 18117 SULISJU9 SI jUolmo 


Burkidde Kg “speuruue] ponop am Je s[10 au 1əluə 77 pue !; sjuouno ay mod au oouts “ZZEBIJ ur uwous se (Sursoddo) souze ut pojoouuoo OIE S[IOD OM} SU] 


(Guisoddo) UONISUUOS) souag 


SE € | - souDISOJoUJON 
TJA - (091 [ INDUBDWOADD]T PEE 


Electromagnetic Theory - EEK | 


gege :B 


YOU L,-M’)s 
I L+L-2M 
V 
Bu Ls = T 
"PP. | LLM! 
Equivalent inductance L = L, +L;-2M 


Parallel Connection (Opposing) 


Consider the two coils connected in parallel (opposing) as shown in Fig.3.24. 


Fig. 3.24. Parallel circuit (opposing) | 
The current i, is entering the first coil L, at dotted terminal and the current i; is | 


leaving the other coil at dotted terminal. 


di, di, 
By applying Kirchhoff’s law, B Mgr = v(f) 
di, di, 
By solving these two equations and the equivalent inductance is determined as 
LL- M? 
id L, +L,+2M 


Consider a solenoid of N number of turns carrying the current L. I 
density and A is the area of cross-section of the solenoid, then flux linkage through | 


the solenoid is Nè = NBA. [7 $7 BA]. 


NBA 
I 


P DIENEN E — 
Magnetostatics 
—— nn 


B 


‘py NI 


But for long solenoid j 


Substituting the value of B in the above equation 


_NA (NI 
bc d 


Consider a toroid of N number of turns 
carrying current I with mean radius R as shown 


in Fig.3.25. 
1f B is thé flux density in the toroid, then 


zh 
SW 


where, / is the mean length of the coil. 
I = mR 


B 


uo NI 
2n R. 


The flux linkage in the toroid is N 4. 


B 


Nò 


where, A is the area of cross-section of coil. 


If r is the radius of the coil, A=nr’. 


HI. m 
ES a 25 R 
| ` No Uy Nè n 
Inductance of the toroid is be = aR 
| uN 2 
L= “OR 
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3.40 Electromagnetic Theory - EER. Magnetostatics 
Inductance of coaxial cable per unit length is ` The total inductance of conductor A is 
L T L, + L, 
a 
_ Ho | Hr 
La 7 au L2 


Similarly for conductor B, the total flux linkage is 


I I 
_ Bake DAS 
Tt a 


346.40. in n gor PT gooner | b z : 
Consider two conductors (wires) A and B of radius a and b respectively and |. | The total inductance of conductor B is 
separated by the distance d. The conductor A carries a current of I and conductor B | | Ho | He d 
| | : Lg = An > + 2n( 2) 


carries a current of — I as shown in Fig.3.27. 


The loop inductance of transmission line per unit length is given by. 


| L = Lol, 
I 
_ Ho | Pr 3 Er E 
i / CIE +> + LAVI 
Ho | ^c d J d J 
(d fe ASA == I 
! ; An ETIE VE e 
| ee | D d 
ig, 3.27. Two Transmission line | L = 4n He 2 in a H/m 
The internal flux linkage of the conductor A is given by WE | lis. d 
| or L = gp ntn ~] 
T a 
m Ho ul f 
01 = Ee (refer previous) 
The external flux linkage with the conductor A is given by | | When a current through an inductor is increased from 0 to I with the potential 
pal Së | difference across the inductor is v, then the energy supplied by the source in time 
by = pu £ (refer previous) | | ` dt is given by 
| E dW = vidi 
The total flux linkage of A is $76,*6 | x | 
| | . Energy stored in magnetic field is given by 
o tel Bol -fd | | di 
— 6n S 2n D I | E idt ÍL | 
0 0 
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3.44 Electromagnetic Theory - EER agnetostatics 


| Exam ple 3.3 I | Determine the magnetic flux density both inside and outside an 


infinitely long, straight conductor with a circular cross-section of radius o 


carrying a steady current L Plot the variation of the flux density with radial 
distance. ` 


For outside the conductor (r > a). 


OsSolution: Consider a solid cylindrical conductor of radius “a”, infinite in According to Ampere’s law, 
length, carries a steady state current of I. $ el 
e Hedi = 
d The current density of the conductor in J 
A | I | H. se 
d J= — Alm H: 2 r I 
d na 
— s 
Consider any point P at a radial distance r inside the conductor where the 2n r 
magnetic flux density is to be determined. Ss I | 00 
For inside the conductor (r < a). SH 


. [Example 3.4 | A circular coil of radius 10 cm is made up of 1 00 turns. H: 
varies a current of 5 A. Compute the magnetic field intensity at the centre of the 


coil. 


OSolution: a= 10x10?m, N=10, I=5A 
EE? e - - 2500 AT/m ee 
| Example 3.5 | Calculate the magnetic flux density due to circular coil of 100 
| ' “ipp o hana aid ata of 70 cm? on the axis of the coil at a distance of 10 cm from 
iu the centre. 
m fma =T=J-A OSolution: NI = 100AT, d=0.10m 
| I o na” = 70 cm” 
Ee no a? = 2228cm? = 2228 x 1074 m 
Dr | u N1a 
H= ü* Magnetic flux density B = HERR ; 


7.400 eto? 
Magnetic flux density B = pH 4n x 10% x 100'x 22.28 x 10 


enan 


3/2 
2 (22:28 x 107^ + 0.01) 
103.7 x 10 Tesla = 103,7 p Tesla 
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©Solution: Magnetic field intensity at the surface of B due to A and B 
d, = 1m, d, = 0.5x10°m 
I R I 
2nd, 2nd, 
T a oeil 
2n — 2nx 05x 10? 
10 10? 
2n 


n 
T 


H = 


l 


= 318.3 A/m 


This is same as the magnetic field intensity at the surface of A due to A and B. 


Magnetic field intensity at the mid-point of A and B. 


I I 
Hoo s On 8 
EHE 
~ 2m- (0.5) 
ae cse Am | 00 


Tt 


| Example 3.9 | Two narrow circular coils A and B have a common axis and | 
are placed 15 cm apart. Coil À has 10 turns of radius 5 em with a current of 2 À 
passing through it. Coil B has a single turn of radius 8 cm. If the magnetic field at 


the centre of coil A is to be zero, what current-must be passed through coil B. 


~ 


A 


Ta=2A Dom 


tics 


eege 


Magnetosta 


| OsSolution: For coil A For coil B 
Na = 10 Ng = 1 
a = 5x10?m b = 8x10?m 
I, = 2A Ip = ? 
d = 15x10?m 


The magnetic field at the centre of coil A is due to coil A is 


a NI _ 10x2 
Ha 72a ^ 2x5x107? 


= 200 AT/m 


But the field H, is zero. This is possible only when the magnetic field Hp due to 


the coil B at the centre of coil A opposes H4 is equal and opposite direction. 
ie, (Hal (el 


The magnetic field at the centre of coil A due to coil B is 


Np b° Ip 
GETT 
(8x 107) Ig 
"me 1072)? + (5 x 1022 
64x 10% Ip > 
“aa Aa 
But |H,l = [Hel 
200 = 0.651 Ip 
I, = 307064 — 99 
Example 3.1 0 | Two circular coils are located at z = 0 plane and z = 5 m 
Mon the axis. The first coil having a radius of I m carries a 
current of 10 A. The second coil having a radius of 0.5 m carries a current of 
204, Calculate the magnetic field intensity at (0, 0, 2.5 m). 
eg 
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©Solution: Coil A and coil B are placed at an angle of 90° to each other. Coil A 


is excited by an alternating EMF source 
e = N[BA] o cos (o 1) 
to each other. 


position Band A are at 90° 
B A =B.Acos0=0 


0.8 Newtons 


= 


Magnetic field at the centre of coil A due to current L, in coil B is given by 
A N, ` I, . r2 | 
H, = - AT/m | 
2 > (rd z aye | 
. (1) - (81 x 107 d at their relative | 
H = Mn do 
81 x 10-41 So, as flux linked from coil A to coil Bi is zero. Hence k EMF induced is zero. 
X 2 | 
For the field at centre of coil A to be zero, H, and H, should be equal and ; Example 3.14 | Two wires carrying in the same direction of 500 A and 800 A 
i are placed with their axes 5 em apart. Calculate the force between them. 
OSolution: 1, = 500A, L = 800A, d=5x107 
je l l2 4mx107 x 500 x 800 
4n d 4r x 5 x 107? 
SO 


| Exam le 3. 1 SpA solenoidal of length 30 cm is wound on a n core. The 


opposite. 
ie, |H] = |B,| 
1.66317 I, = 400 AT/m 
_ 400 ! 
^. To make the field at centre of coil A to be zero, adhi in coil B should 
| be 240.5 A. OE 
Te, 7272] : ; d internal diameters of which are 4 cm and 3. 5 em respectively. If the 
| Example 3.13 | Two coils of wi j ato an 
ns = D 2 2 af A il A ai coil B, are placed with their current in the coil is 0.12 A, find the number. of turns required to produce a 
perpendicular to each other in vicinity. Coil A is now excited by a time magnetising force of 750 AT/m at the centre of the coil : 
varying voltage from a source of EMF. If a flux has been successfully established 
around the coil A, what is the flux induced into the cail B. OSolution: I = 05m 
| | | 44 3.5 I 
LA BE 3.75 x 107? m (average radius) 
| l SÉ | I = 012A, H = 750 AT/m 
ColÀ —— l 
Coli B EE — d | u ^ 
/ — Vg sin wt | Ly (ay + a° 
N x 0.12 
lè Se [0.97] | 
ran 750 x 0.3 
" zm zo a 
N 0.97% 0.12 1933 turns OO 
| SE 
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Similarly the magnetic flux density at D due to AD and BC 
Bo la 


(a + n? 


Total magnetic field due to (all sides) whole rectangular coil 
B = B+B” 
Hola 


Bie a e NA 


a = 
RA 5 + h° N(Dy +h? 


coil, 


Hola Bram 


B= 


is the magnetic moment of the loop? 


Solution: N = 1000, a=0lm, I=3 A 
B=1T, A= 42 = (LI 
Torque = IAB | 
= 3x(0,1)”x1 = 0.03 Newton-metre 
Magnetic moment, m = IA 
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Electromagnetic Theory - Epp 


Total magnetic field due to rectangular coil at a distance h from centre of the 


in a field of flux density of 1 tesla. The loop has 10 cm sides and carries 3 A. What 


"Magnetostatics 


“Example 3. 20 | | A single twin of wire in the form of a square of side 10 cm 


carries a current af 20 A. Calculate the magnetic flux dénsity produced by this 
3 the central normal to its plane distance 20 cm from the plane. 


circuit ai a point or 


OsSolution: J = 20A, a=0.1m, h=0.2m 


1.522 Tesla Qo 
M b, and b; 


| Example 3.21 | A rectangular loop in the xy plane with side 


carrying a current I lies in a uniform magnetic field B- B dot B, a, +B, a, 


Delermine the force and torque on the loop. 
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@Solution: Consider a rectangular loop of sides b, and b carrying a current I 


in a uniform magnetic field 
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| Example 3.24 | Why is it so that the magnetic vector potential is often 
referred to and electric vector potential is virtually unheard of in the field theory? 
How is the magnetic vector potential defined? 


If the magnetic vector potential of a magnetic field due to a solenoid is 
determined to be, at any point (x, y, z) in field, 


Si/(x? ty? +27) 


then, What is the magnetic flux density in Weber/m^ at any point in the 
8 à y yo] 


©Solution: The source of magnetic field unlike of electric field have direction 
associated with them. | 


The current elements have direction as well as magnitudes and it is necessary 
that additional information on the direction of the source be contained in the 


potential due to source. If ‘magnetic vector potential’ is designated by a vector A, 


then it should be possible to contain B and H as the space derivative of A. There 
are two possible space-derivatives operation on a vector quantity, namely 


‘divergence’ and the ‘curl’, The divergence operation yields a scalar quantity 
whereas the curl operation leads to a vector quantity, 


2 
I 


Given: 


Magnetostatics 


YO ESSA AAA ETA AI 


AT 


From the derivative of curl 


a, a, a. 
"T" d: o ue de 
BE VWA ôx dy oz 
5 
0 0 
x2 + y2 + 22 
= ge Y 5 zog 5 
= a a, — 
p dy Az (x2+y2 +22) z dy (x2+y2 +2’) 
_ -2z a, ‘a, (-2y) 
B = (le (2 + 2 y 
= —10z _ 10 y Sé 00 
BE payi” E] fe 


carries a current I in the z-direction. Obtain an expression for the magnetic vector 


flux density at that point? 


potential at a point in the bisecting plane of the conductor. What is the magnetic 


OSolution: 


GK: 
La 


VPXA = ap 
AjIsuop xnjp oinoudeuw penuoroyiq 


CIR pier 


\ 


MD] 5, adaduy pup MD] s, p4wavs-yoig | 


24149p 


66 o ws ut AO = 


0j I 01 ‘ \ 
04 u] — L uu 6 T 
Í Or I Or 


“uorjenba ¿y UL ongea juvjsuoo sty Sunmnsqns 


J 


v. (uonrpuoo Arepunog) “li= d 


ye 0 = `V YIM ƏouəJəJər ozəz Jo WONBLO] eu syruued UoneISayut jo juejsuoo AL, 


H? 


5211015012430 


[eourpurAo om Jo 1uouoduroo $ əy} mo *jusuoduroo *p [UO sassassod g omg 


NP Jo euejd Bunoosrq ayi ut (4 *x) juod Aue 29 d 197 `uonoərp z ay) ur | 1uauno 
* samgo SIXB-Z oui Suo[e pojeoo| lojonpuoo gens "duo ArA e 1opisuoj 


——— f: MÀ a 


TI - (1024 [ 211uspuioa]20] 


“June13oqu] 


zo 
ve 
‘z jo juopuodopu st y ooutg 


d 


4Q _ ZQ 
1° ^vo “ve 


"pajenba si pmo 


"Y. | 
Vp C que NA 
I On 


Tenuejod onoudeut 103094 201 SI V “Saya 


a = VXA 


A0 uoA18 st [enuə)od onougeu 10709A 201 


aoeds sayy Jo Ámpqeounod ayi si Or ƏJSUA 


d EI a. 


-— I Ori 7 
Áq Uə413 st q jurod e ye Ajisuop xnj onoudeu ayo 


d 


"utduo eu WOL 4 3DUEJSIP € Je J0jonpuoo 


core 


r A me > = 
3.64 Electromagnetic Theory - EE Magnetostatics | 3.65 
a. um a, M = KAL L | | 
ô a 0 , Mi (5.76) 
— — — = = mm a = I . DO 
= | di y ER : L k2 E 0.8)” x 4.8 10.8 Henry Ans. e © 
"M [d Exam le 3.28 | A solenoid consisting of 1000 turns of wire wound on a 
L. x former: of length 100 cm and diameter 3 cm is placed coaxially within another 
tp Ld a » 3 | solenoid of the same length and number of turns but with a diameter of 6 cm. Find 
| =y a, xa, | m ; ; 
= — (yl tn + TUE: x EX the mutual inductance and the coupling coefficient of the arrangement. 
© Solution: 
dB = Be E Solenoid 1 = Solenoid 2 
dn (x2 + y2 + 22)3/2 (-y d, * x dy | | 
This is Biot-savart law. | | N, = IO c N, = 1000 
Differential magnetic field intensity, l = pm l = lm 
a vi EE EE d, = 3x10?m d, 6x 10m 
BS: Ho dB = 4 (x2 + y2 + 2292 (y at x ay) w a d ra. 
H = Í Í I di _ " Area A; = Are xIx3x 10” Ay 9 Ar AK 6x10" ' 
dH Van (gè tyt +2232 oc («ya,+xa,) "mL b ome 
u JH-di = 1 AN? A | ipie 
This is Ampere'slaw. ` | SE) Ly = l, E 2 
| Example 3.27 | Two coils A and B with 800 and 1200 turns respectively are Ag 107% (1000) x 7.07 x 10 6 
having common magnetic circuit. A current of 0.5 A in coil A produces a flux of Li = 1 | = 888.4 x 10” Henry 
3 mWb and 80% of flux links with coil B. Calculate L, , L, and M. An x 107 x (1000) x 28.27 x 107" E 3 
: e L, = av = 3,55 x 107” Henry . 
O Solution: ` Coil A . CaoilB | l | 
N, = 800 N, = 1200 || [Alternatively | 
ena mE as í a - ( 1000 BRAIN ANE sapa 
E š : E E -4 17 l 
6, = 3x10? Wb b>, = 80% of $, Ny) VA, | 1000) \ 7.07 x 10 
K = 80%= 0.8 = 0.8 x 3 x 10” Wb | Since the inner solenoid has half of the diameter as that of outer solenoid, the 
N -3 | | only 50% of flux produced by outer coil links with the inner coil. 
po Nut _ 800x3x10" _ ¿q y y 
i L 0.5 = 48 Henry Ans. © | Coupling coefficient K = 0.5 Ans. e 
"ERE | | MekK(4LL | 
| e | $ NIS 
— 1200 x 0.8 x 3x 103 | 0.5 y 888.4 x4x 10” x 3.55 x 10 
E 0.5 = 5,76 Henry Ans. e = 0.888 x 10” Wb Ans. e OO 
Se E SE eg — 
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Electromagnetic Theory : Egy 


| Example 3.32 | Two coils of selfinductances of 05H and 08 H wip, 


negligible resistance are connected in series. If their mutual inductance is 0.2 D 
determine the effective inductance of the combination. 


O Solution: L, = 05H, L,=08H, 


M=0.2H 


Leg = L +L+2M 
ey (aiding) = 0.5+0.8+2x0.2 
= 17H 


Leg (opposing) = 0.54+08-2x02 = 09H Ans, e 00 


| Example 3.33 | Two inductance coils having self inductance of 4 Hand 6 H| 
are connected in parallel. The inductance of mutual coupling is 3 H. If the coupling 
between the coils is opposing the flux in each other and they are both across a 


common pair of terminals determine the equivalent inductance. 
© Solution: L = 4H, L,=6H, M=3H 


_ Lib-M' 24-9 
q L +L+2M 10-6 


0.9375 H = 937.5 mH Ans. -@ 009 


L, 


| Example 3.34 | A square coil of 10 cm side with 100 turns is rotated at a 
uniform speed of 1000 rpm, about an axis at right angles to a magnetic field of 

density 0.5 Tesla. Calculate the instantaneous emf induced when the plane of the 
coil is (i) at 90 “to the field (11) in the plane of the field. 


© Solution: l = 10x10? = Olm 
N = 100 
B = 0.5 Tesla 
1000 
Speed = 1000 rpm = "en IPS 


Velocity = x x speed 


- 2. 0.1 x 20. 5.236 m/s 


Induced emf per turn = 2Bvlsin8 (for 2 sides) 


agnetostatics 


Induced emf = 2 NB v/sinO 
2 x 100 x 0.5 x 5.236 x 0.1 sin 0 


52.36 sin 0 


= in90° = 52.36 V Ans. e 
“Gy 9 90 emf = 52.36 sin 90° = 5 


(ii) 8 = 0° CR the plane of the field) 


emf 52,96 sin 0? = 0V Ans. e GE 


H 


Exam le E 35 | | A cast steel (relative permeability l 000) ring of 0.2 m mean 


200 turns. Find the current 
diameter and 3 sq.cm in cross-section has a winding Ye 00 


required to produce a flux of 375 micro webers. 


N = 200 


O Solution: 


Li, = 1000 
R = a = 01m 


à = 375 x 10° Wb 
3x 10-4 


Flux produced by toroid 6 = BA | f 
uo p, NI 


vb S 


2n Ro 
li l Ë pop, NA 
On x 0.1 x 375 x 10% 


eege 


An x 107 x 1000 x 200 x 3 x 107" 


I = 3125A Ans. e" 6 


Exam ple E 36 | The combined inductance of two coils connected in series is 


0.6 H or 0.1 H depending on the relative directions of the currents in the coils. If | 
one of the coils when is isolated has a self-inductance of 0.2 H, calculate (i) the 


mutual inductance and (ii) the coupling coefficient. 
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Electromagnetic Theory - ER 


| Example 3.40 | Find the energy stored in the solenoid having 50 cm long and 

5 em in diameter and is wound with 2000 turns of wire, carrying a current of 10 4, 
© Solution: N = 2000 

ad 


il 


5 cm 


5 2 


A = a|[5x 10” 19.635 x 107" 


I = 05m 
T= 10A 


uo N'A 
Inductance of solenoid, L de 


li 


4n x 107 x (2000)” x 19.635 x 1074 


= 0.01974 H 


l l 2 
Ers 


= 0,987 Joules Ans. o 00 


| Exam le 3,41 | A toroid is wound with 300 turns on an ebonite ring having a 


cross-sectional area of 4 cm’ and a mean circumference of 35 cm. Calculate (i) the | | 


inductance of coil, (ii) induced emf when the current is reduced at the rate. of 
200 A/sec, (iii) if the toroid has a second winding of 80 turns wound over the 


ebonite ring and inside the first winding of 300 turns, calculate the mutual. 
inductance. 


© Solution: N = 300, A=4x 10° m 
l = 2nR = 35cm = 35x 10m 
di 
a 200 A/sec 
| | uN? A 
(i) Inductance of a toroid = TIT H/m 
An x 107 (300) x 4x 107" 


35 x 107 
= (1293 mH/m Ans. = 


(ii) Induced emf, e = 0,1293 x 10° x 200 


di 
ano 
25.85 mV Ans. w 


(iii) For second coil, N; = 80, A=4x 107 
] = 35x10?m 
N'A 
Inductance of second coil, L, = l ae Hm 
_ Anx 107 (80)? x 4 x 107" 
| 35x102 | 
L, = 9.19] x 10% H/m 


Mutual inductance between two coils 


KE = KAJ Ll 
0.1293 x 103 x 9.191 x 10% 
3,44 x 10% Him Ans. ze SIS) 


l 


| Example 3. 42 | Two coils are connected in series and their total inductance 


ds 4 4 mH. When one coil is reversed, the total inductance is 1.6 mH. All the flux 
due to the first coil links the second coil, but only 40% of the flux due to second coil 
links the first coil. Find the self inductance of each coil and their mutual. 


x inductance, 
O Solution: Let bı, be the flux linked with second coil due to 0, . Let $5; be 


the flux linked with first coil due to $; . 
| 048. I 
Given: OH = di, da = 199 6657946; 
Let L, , L, be the respective inductances of coils 1 and 2. 
9p $21 x 
Es = 1 and K, = — = 04 
I e $i "Ae 


Inductance in series is given by | 
L +L, +M +M, = 44x10?H 0 [7 Given] 
L +L,-M,-M, = 16x 10” H ....(2) [w Given] 
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Electromagnetic Theory - EER 


| Example 3 45 | | A circular loop of wire is placed in a uniform magnetic field 

of Mit density 0.5 wb/m. The wire has 200 turns and frequency of rotation of 1000 
revolution/minute. If the radius of the coil is 0.2 m, determine, 

(a) the induced emf, when the plane of the coil is perpendicular to the field, 


| | Magneto statics 


| radius 1 mm of the core conductor and 7 mm of the outer conductor. If ihe 
| insulator is in free space determine the self-inductance of the coaxial cable when 
| ihe length is known to be 100 m. 


3.77 


O Solution: l = 100m, a=10 m, b=7x10"m 


4n x 1077 
2n 


H 
L ER In (bla) Him In (7/1) 


l 


389.182 x 10? H/m 


il 


For length of / 
L 


il 


100m 


38.92 x10 H Ans. ®© 


00 
| Example 3.4 7 | (a) A solenoid has length of 2 m and a coil of 4000 turns 


wound over a core of radius 5 cm. Determine the self-inductance of the solenoid of 


(b) ihe induced emf, when the plane of the coil is 60* to the flux lines. 
Q Solution: r = 02m 

N = 200 

1000 
f = 1000 rpm = "gg IPS 
2n x 1000 
a> - Es rad/s 
B = 0.5 wb/m? 


Fig, 3.28. 
When the pang ofthe coil i is perpendicular to the field, the induced emf 
e = NBA o sin 0 
2n x 1000 
= 200 x 0.5 x n x (02)! x - a sin 90° 
= 1316 volts Ans. e 
When plane is at 60° to the field, then the induced emf is 
| 2n x 1000 | 
e = 200 x 05x nx (0.2) x sin 60° 


il 


1139.644 volts Ans. m 


the core is just an air-core. 

(b) Two coils are having a perfect coupling between themselves. 
are wound over a common core of relative permeability of 100 and radius 2 cm, 
length being 50 cm. Determine the inductance of mutual coupling, if the two coils 


have 100 and 400 turns. 
© © Solution: 


(a) N I=2m, r=5x10°m 
| uN? A 
pu 
_ An x 1077 (4000Y x [n x (5 x 10:2) 
| 2 | 
L = 78.96 mH Ans, e 
(b) u, = 100 r = 2x10?m 
N, = 100 l = 05m 
N, = 400 K = 1 
N? N HA 


Li 
=. 4000 turns, 


100” x 4n x 107 x 100 (x x 4 x 107 


Both the coils. 


de 


= 3.158 mA 
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E E Magnetostatics 


3.80 Electromagnetic Theory - EEE 


| Example 3. 50 | | A circular loop af N turns of conducting wire lies in the xy 


dine with its centre at the origin of a magnetic field specified by 


1. State Biot-Savart law. 
It states that the magnetic flux density at any point due to current element is 
proportional to the current element and sine of the angle between the elemental 


length and line joining and inversely E to the square of the distance 
between them, 


B=a, B, cos E sin wl, where 


requency, Find the emf induced in the loop. 


O Solution: The flux linkage with the loop 


Ho I dl 
pr s N B Kent Heen 
o = [Beds | d ie sino 
2. Define magnetic flux density. 


S 

g TF SS M ic fl 
t ; ; _ Magnetic flux 

| By cos sp sino! | a, amr dr Magnetic flux density B = 

0 


" Area 
b een B = 2 Webers/m? (Tesla) 
= B, 27 sin of | cos 2b" dr 
0 3. What is the relation between magnetic flux density and field intensity? 
rd AL EOM and dr= 2 Ei Magnetic flux density B = uH 
W... e? x S 
5 Se I I SCH H Ho it 
0 = 2nBosinof | f X COS x dx | « Field intensity H = u 
f 0 . 
= InB,sinar | St 5-1 4 State Ampere’s circuital law. | 
d Magnetic field intensity around a closed path is equal to the current 
b = 8b ud B, sin ot enclosed by that path 
N Á 


ETE 


Since there are N number of turns, the total flux is N 9. A List the applications of Ampere's circuital law., 


According to Faraday's law, 


Application of Ampere's circuital law involves finding the total current 


dé enclosed by a closed path. 
emf = -Ngy eg. It is used to find the magnetic field intensity due to infinitely long 
E NÉ e» (s. I J By sin o7 | straight conductor and coaxial cable. 
| [6 Define magnetic scalar potential. 
_ E p? "m | |B,ocoscf volts Ans. E It is defined as dead quantity whose negative gradient gives the magnetic 


intensity if there is no current source present. 
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| Magnetostatics 
booster E $e 
22, Write the expression for the force on a test charge — q that moves with 


ty vin a magnetic fi fi eld of flux density B. Find its direction with respect 


| [3.84 


Electromagnetic Theory - EEE 


18. Write down the equation for general, integral and point form of Ampere’s 


law. 


veloci. 


l . General form: j Hai = Í " = 
d Ñ | to v and b. 
| | EE SEN j poe | po The force on a test charge — q that moves with velocity v in a magnetic 
Point form: VxH = J field of flux density Bis given by 
19. A solenoid with a radius of 2 cm is wound with 20 turas per cm length and EE gar x B= qv B sin 0 
carries 10 mA. Find H at the centre if the total length is 10 cm. a “5 
= y 
N = al = 20x 10 = 200 turns dots ; _ _ 
: ] = 10 x 10? The direction of the force is perpendicular to both v and B (6 = 90°). 
pee 10210" 23. Two current carrying wires carry I; and I, in (a) the same direction, (b) in 
-3 , R y 
H = NI | 200x 10 n 20 AT/m opposite direction. Determine the force between them assuming a separation 
I 10 x 107” a. 
20. Find the maximum torque on an 100 turn rectangular coil, 0.2 m by 0.3 m, l n 
carrying a current of 2A in the field of flux density 5 web/n”. 
N = 100 Li L 
A = 02x03 = 0.06 m" 
I=2A fe jou! 
B = 5 web/m? 
Tmax = NIAB = 100 x2x0.06 x 5 
es uo Ty La 
= 60 Newton-metre (a) Force of attraction F = 2nd 
ou, 
21. A loop with magnetic dipole moment 8 x 10% a, Am, lies in a uniform | 7 
E > > | | 
magnetic field B =0.2 a, + 0.4 a, Wb/m?, Calculate the torque. 
e 1 
m = 8x10%a, ! | I4 2 
> > -— 
B = 0.2a,+04 a, SEH 
uet a “ i d 
= | 
Torque T = mx B = 8x1 103 a, (024, £04 a, ) Ze ; 
Lg | | Bo li l 
= 16x104 a, + 32 x 10-4 (0) | Force of repulsion F = nd 
= 16x 10-4a, Nem | 5 
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3.88 Electromagnetic Theory - EER 


[ Magnetostatics 
o ee ees 
If solenoid has N number of turns, the maximum torque 


M Z 2BIA 


max 2 


32. Give the expression for inductance of a solenoid. 
Hp NA 
l 


where, N is number of turns 


L = 


= 
il 


T = NBIA Newton-metre 
A is area of cross-section 


| is length of solenoid 37, Distinguish between solenoid and toroid. 


Ho is free space permeability Solenoid is a cylindrically shaped coil consisting of a large number of | 


33. Give the expression for inductance of a toroid, closely spaced turns of insulated wire wound usually on a non-magnetic frame. 


a ee “Asap? 
2n R 2R | PNE on itself, it becomes toroid. 


where, N is number of turns 


38. What is the expression for energy stòred in magnetic field? 
l 


" 2 
W 7 5LI 


where, L is the inductance 
I isthe current 


r is radius of the coil 


R is radius of toroid 
Ho is free space permeability 


34, What is the loop inductance per kilometre of a single phase overhead line 


ith r= d D = 80 cm. | I , 
with r= I cm and D = 80 cm.. 39, What is energy density in the magnetic field? — ` A 
1 1 1B 


Ho 
Energy density, W = ¿BH -5H ui 


n la (Dir) Him 


li 


L 


4ax 107”. (80 | 
2 [n e = 0.876 micro H/km 


l 


40. An inductive coil of 10 mH is carrying a current of 10 A. What is the energy 


2n 
Gi | stored in the magnetic field? 
35. Give the expression for inductance per unit length of a coaxial transmission | u ss 
line. — : f | " L = 10x | 
u [= 10A 
Ho 1: 
L = > In (bla) H/m E | WE 
Ë A , Stored energy, W = 5 LI 
where, a is the radius of inner conductor l j 1 


= =x 10 x 103 x (10) = 0.5 Joules 


b is the radius of outer conductor > 


36. What is torque on a solenoid? | 41, Compare the energy stored in inductor and capacitor, 
; - GER La 
iod ; and , l For magnetic field, Energy stored in inductor W = 5 Lf 
where, B. is the flux density | | 1 
I is the current through solenoid | For electric field, Energy stored in capacitor W = > EV 


A is the area of loop 
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[3.92] Electromagnetic Theory - EEE 
A a a tere 
(ii) at the mid-point of solenoid 
B = 
2N omg + a? 
NI 


H = 
2 dun +a 


iii) at the end of the axis of solenoid 


i 


ug NI 


(c) at the centre of Toroid coil - 


_ T — ÁÓÁ 


pp NI 
Ehe ATÉ 

NI | 
H = 2m r | 


T 


| (d) along the axis of the circular coil 


| B= Ho a? I 
2 (a? * d 23/2 
2 
a" T 
H= amd 
2 (a° td") 
; Ho 1 | 
| (i) at the centre of coil = on 
u I 
ibo. ú 
| Self inductance L= N Ç 
d d 
Mutual inductance M = N, du =N, An 
l 2 


Magnetostatics 
M e 
| Coefficient of coupling 
| 2 
] Ka Se = 
1 d $3 
| ee M 
| ` JLL 
| M = K /L,L, 
| Equivalent inductance | 
| (a) for series connection | 
L-L,*L,*2M (aiding) | 
L=L+L-2M (opposing) | 
| | (6) for parallel connection 
| L, L,-M' NT 
A L, L, Kei M? ( ' A ) 
= | opposin 
LOI M EE x 
| Inductance of solenoid 
U ug N'A 
tee 
|Inductance of toroid ` ` f E 
Nr 
e En 
Inductance of coaxial cable for unit length 
E 
/ L = 2n in a 
SP A i E» de NAN rate 
| Inductance of coaxial cable with solid inner conductor 
I Fan : 
. Ho [ b 
bc zh, + 2ln pe Him 
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Magnetostatics 


33. An air solenoid 30 cm long and 1.5 m radius is wound on 1000 turns of closely 
over a length of 3 cm located near its centre (where the 


spaced insulated wite 
magnetic flux density is essentially constant). A separate coil of 100 turns of 
ductance between 


essentially the same radius is wound. What is the mutual ind 
[Ans. 0.936 mH] 


d winding is 1 m long and has a diameter of 0.1 m. 


— meer 


19. A solenoid of 1000 turns is 40 om long and 6 cm in diameter. If the coil carries 
a current of 100 mA, find the flux density (a) at the centre of the coil and 

(b) on the axis at one end of the coil. 
(Aus. B=3.14x 107“ Tesla, B= 1.55 x 107“ Tesla] 


20. Derive an expression for the inductance of solenoid and toroid. 


| two coils. 

34, A 400 turn solenoi 
Calculate the self-inductance of the winding. | (Ans. 1.58 mH] 
Two coils of self-inductances of 0.5 H and 0.8 H with negligible resistances 
ate connected in series. If their mutual inductance is 0.2 H, determine: the 


effective inductance of the combination. [Ans. 1.7 H, 0:9 H] 
d coils in series has an equivalent inductance values of 


21. Derive an expression for the inductance per meter length of two transmission 


lines. 
22. Define self-inductance and mutual inductance. Show that M=K a] L; La. 


Derive an expression for inductance of coaxial cable. 


35. 


24. State and explain Faraday’s law. 
25. Show that the torque on the planer current loop in a uniform magnitude field of 


36, Two identical couple 
0,084 H and 0.0354 H. Find the values of self+inductances, mutual inductance 
[Ans. 29.85 mH, 29.85 mH, 12.15 mH, 6:41] 


ad 


flux density B is m x B where m is the magnitude dipole moment. 
Obtain the expression for energy stored in magnetic field and also derive an 


and coupling coefficient. 


expression for magnetic energy density. 
27. An air coaxial transmission line has a solid inner conductor of radius ‘a’ and | 
very thin outer conductor of inner radius ‘b’. Determine the inductance per | 


unit length of the line. | 
28. Derive the expressions for effective inductance of two inductors in series and 


parallel circuit when they are coupled. | 
99, A 4000 turns solenoid is 2 m long and has a diameter 10 cm. Calculate the 


inductance of the solenoid and energy stored when a current of 8A is flowing 


through the coil. 
30. An iron ring of relative permittivity 100 is wound uniformly with two coils of 


100 and 400 turns of wire. The cross-section of the ring 15 4 cm and the mean 
length is 50 cm. Calculate the self-inductance of each of the two coils and the 


mutual inductance. 
31. A 10 km transmission line consists of 1 em diameter conductors spaced 1 m 


apart, Find the loop inductance of the system from first principles. 
32. A square coil of area of 100 cm? and 200 turns is rotated about an axis at right 
angles to a uniform magnetic field of 0.7 Wb/m” at a uniform speed of 1000 


rpm. Evaluate the expression for the instantaneous value of induced emf. 
[Ans. 146.6 y] 
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y - [ds 
But v = $E. di 
$E-dl = - [Fas 


Applying Stoke’s theorem, 
$E-dl = f[vxE.ds 


$ 


Then, I VxE-ds = BER 
VxE = i 


This i Ç i 
is referred to as Maxwell’s equation. 


Faraday’ | 
. x i S s law states that the total electromagnetic force induced in a circuit is 
qual to the rate of decrease of the total magnetic flux linking the circuit 


yo A 


dt 


If N is the number of turns in the circuit, the total flux is N 0. Then 


NEN) 
a Ha 


An emf can be generated in a closed conducting loop by three ways 


| (i) A stationary loop in a time varying magnetic field 
(ii) A moving loop in a static magnetic field, 


(iii) A moving loop in a time varying magnetic field. 
(i) Stationary loop in a time varying magnetic field: 


Wh in i i ina 
Be "i js Ge loop is stationary in a time varying magnetic field *B', the 
is induced in the loop. The induced emf is called transformer emf. ` | 


Syl e 
I NJ at d 
$ 


Zecirodynanic F ields | 


e related to electric field E. 
yon TE 
Equating these two equations, 


bg diee) p da 


$ 


It may b 


| This is the integral form of Faradays law. 
By applying Stoke's theorem, 
p.d = | (VxE)-ds 


M 


| | | op 
[unas sal 3, d 

s 

op 

VxE = “o 


H 


s law, It states that a time varying 


ntial form of Faraday 
the negative of the 


|: This is the differe 
f “magnetic field induces an electric field E whose curl is equal to 
time derivation of B. 


(i) Moving loop in.a static magnetic fidd: 
th / moving across a si 


Consider a conducting loop of leng 
with a velocity v. The magnetic force F acting on any charged particle Q moving 


with a velocity v ina magnetic field B is given by 


atic magnetic field B 


F = Q(x B) | | 
o the electrical force that would be exerted on 


The magnetic force is equivalent t 


the particle by an électric field E given by 
B e = vx B | 


where N is the number of turns in a loop. 


en w mn 


The electric field E generated by the motion of the harged particle is called a 


motional electric field and it is perpendicular to v and B. 
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Voltage Transformation Ratio (K) 


| | ND: 
As derived above, N N, 


ll 


where, K = constant 
This constant K is known as voltage transformation ratio. 


* HN, > N,, Łe, K > 1, then the transformer is called step-up transformer. 


“ HN, <N, Le, K < 1, then the transformer is called step-up transformer. 


stepup across its ends. This potential difference is called “notional EMF”. 


Consider a wire of length ‘/’ moving across the magnetic field of induction B 
with a velocity V as shown in Fig.4.2. 


Fig. 4.2. 
Force on Free Electron 


Each free electron of the wire is moving within the wire and experience a force 
exerted by magnetic field. 


F = q(Bxy) | 
These electrons gradually accumulate at the end “a” and leaving the other end 
"b^. In this way point “b” acquires positive charge and point “a” acquires equal 
negative charge. This accumulation of electrons will continue till the force of 


electric field balances the force due to the motion of wire. Thus a potential 
difference is setup form point 5 and a. 


amann 


Electromagnetic Theory - EEE 


When a conductor is moved across a magnetic field, a potential difference is 


Electrodynamic Fields 


We know that 


Potential difference = Work done per unit charge 


Let the total charge flows through the wire is “q” therefore 
| "Wok ` , Distance 
Charge |. Force X “Charge 


li 


Potential difference 


e = q(Bxv)liq = 1(8 x) 
or 
B + Í sin 0 


a 
il 


This is called motional EMF. 

Motional EMF = B v / sin 0 

If the wire is moving at right angle to the field, 0 = 90° 
Motional EMF = Bv/ 


Therefore, 


Faraday’s disc generator consists of a circular disc of radius a rotating ata 
constant angular velocity w radians per second in a magnetic flux density B. Two 
brushes make contact with the disc as shown in Fig.4.3. 


E Faraday's disc 


Brush | 


emf 


Fig. 4.3. Faraday’s disc 


Consider an electron of charge Q at any point in the disc at a radial distance : 
from the centre. As the disc rotates, the electron moves al a velocity v=oran 
experiences a force. 
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dl 


EEE 


Magnetic Circuit with Air-gap 
Consider an iron ring with a narrow gap of thickness í as shown in Fig.4.5. 


J 


Fig. 4.5. Iron ring with air gap 


By the continuity of the normal component of B the flux density in the gap is the 


same as in the iron. But the field intensity in the iron is 
B 


— 


Ho H, 


! H 


- Electric current consists of two types of current namely, conduction current and 


aethere 


displacement current. 


The conduction current I is flowing through a conductor whose resistance is R 


when potential V is applied across the conductor. 
V 


Resistance of the conductor is 


pi 
A 
is the length of the conductor 


is the area of cross-section of the conductor 


p is the resistivity of the material 


Electrodynamic Fields 
ROM NU e 
[ 
iin oA 
where, G is conductivity of the material. 
Sch 
G = 7 
p 
If E is the electric field exist in the conductor, the potential 
V = El 
V El 


—<— A vm 


Conduction current le = y 77] A=EGA 


Conduction current density is given by 


o J= 
This equation is known as the point form of Ohm’ s law. It states that the field 
strength within a conductor is proportional to the current density. 
l J < E 
= och 


‘Conductivity ` 


Conductivity may be defined as the current density per unit electric field 


Conductivity is the reciprocal of resistivity and it is given by 


The displacement current Ip is flowing through a capacitor when ac voltage is 


. | applied across the capacitor. 


dQ 


— s 


dt 


dv 


= C di CV] 
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isplacement current density: 


counterpart; one form may be derived from the other by using either Stok "Ñ 
The current through a capacitor 15 


theorem or Divergence theorem. Maxwell’s equations are derived as follows, 


Ip = qt 


Ampere’s circuital law: Ampere’s law states that the line integral of magneti 
field intensity H on any closed path is equal to the current enclosed by that path. 


$ H.dl = I= D J ds The expression for capacitor is 
l S 


ati 


In general the total current involves both conduction current and displacement 


e E ; | j is permittivity of the medium 
current. A current through a resistive element is called conduction current whereas where, € 1p y 


Ke A is area of the parallel plate of capacitor 
d is distance between two plates . 


a current through a capacitive element is called displacement current. 


Conduction current density: According to Ohm's law, the current through a 


conductor of resistance R is given by Substituting the value of C in the above equation 


V 
le = R | 
pl | Bu V= Ed 
But R= A EN 
where, pis resistivity 
l 
G is conductivity (G =) 


I isthe length of the conductor 


A is the area of cross-section of conductor 


| E Is 

le = LÀ Displacement current density (J p= AIS 
If E is the electric field, then voltage V = E «7 | | Jy = 9D 
Substituting the value of V | gas E òt 

lc = Ec A Ampere's law can be written as 

io | | | - 

A7OE | And: aa 

L. 
Conduction current density (Je = A ) is 
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Maxwell's Equations ` 
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——— 


By applying Divergence theorem, 


In: = ff v Dav 


Maxwell s Ha are pup as DW 


Li 


Comparing the above two equations, 


fv Dav = [f o-ar 


y y 


V.D =p 


This is the Maxwell’s equation from electric Gauss's law in differential or point 
. form. 


Statement: The total electric displacement through the surface enclosing a 
volume is equal to the total charge within the volume. 


Magnetic Gauss's law: Magnetic Gauss’s law states that the total magnetic flux 


through any closed surface is equal to zero. 


0 = 0 


J B.ds = 0 kè! nn Se is no pem enclosed mm since PT PECH there is 
a 1i m i SR duction current is Zero. 
| no conductivity in the medium. i.e. p 7 0 and o = 0 conduc 


S follows: 
ben, allots equa’ become“ in n spare aie | d 


li 


This is the Maxwell’s equation in integral form from magnetic Gauss’s law. 


By applying Divergence theorem, 


l et See: 
(fB-as = ff v. Ba» SCH | 
S y L |VxH= Ss $ pg. dl | 
Comparing the above two equations | 
| ôB TEES | 
Kasa: IL |VxE=-% ET | 
y |] = ES 
| Va h es O II. v.pD= 0 Dr ds = 0 
This is the Maxwell’s equation in differential or point form from magnetic 2 
Gauss's law. | vv, |V-B=0 JE" B.ds = 0 
Statement: The net magnetic flux emerging through any closed surface is $ NEE 


Zero. 
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Electromagnetic Theory - EEE 


The integral form of the second Maxwell’s equation is 


feai [as 


| S 
This is applied to a rectangle 
Ax AX on Ax Ax OB 
By, Ay tEn y+ Ba 2 Ey Ay-É, 2 Ea 2 T t ESCH 


Consider the area of the rectangle is made to approach zero by reducing the 
width Ax to approach zero. 
Then, ` Ey Ay — Es Ay = 0 


E, 7 E, 


d 


The tangential component of E is continuous. 
The integral form of first Maxwell’s equation is 


(na = (2) as 
! š 


` Applying to the rectangle, 


E: Ax Ax Ax _ oD) c 
H, Ay tH, 5 +H, 5 -H, Ay - H,, > -H; 2t J+ ER Ax Ay 
If Ax — 0, then H, Ay - I » Ay = 0 
H, = H. 


The tangential component of H is continuous. 


For a perfect conductor, a high frequency current will flow in a thin sheet near 
the surface. In a current sheet, a linear current density J, flows in a sheet of depth 
Ax. Itis given in terms of surface current density J A/m?. | 


Lt 


Tu J-Ax = J; Am 


If the Maxwell's I equation is applied to the rectangle, then 


Ax Ax Ax o Ax_ oD 
Hy, Ay + Hy 2 tH, 2 -H, Ay -H MEL s PE 
0D 
= JAx Ay + e Ax Ay 


op 
= J, Ay + oy Ax Ay 


l Electrodynamic Fields 


——— 


As Ax approaches 0, Xi.e., Ax —» 0) | 
H, Ay -Ho, Ay = J; Ay 


Hs 


The tangential component of H is discontinuous by an amount of linear current. 
density (A/m) at the surface of a perfect conductor. 

Consider a pill box of volume ds - Ax at the boundary between the two media as 
shown in Fig.4.7, where ds is the area of flat surfaces of pill box and Ax is their 
separation. p is'the volume charge density enclosed by the volume. 


Dn, Hi ‘ 


Ei 


91 


Fig. 4.7. A pill box at the boundary surface 


The integral form of the Maxwell’s 3 equation 


Apply to the pill box at the boundary 
| D, ds-D,,ds = 


eil 


D, ds-D,, ds = 
D = 


Hi 


As Ax — 0 i.e, the flat surfaces of the 


fJ p-as = f| oa» 


V 


p ds «Ax 


box are squeezed together 
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Electromagnetic Theory - ERR 
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= gs E-A = og, £ EA 


-9 = 
arisia 0.172 107, 
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9,556 x ig?! A Ans. © 


Associated laws: 


| Electrodynamic Fields 


Maxwell's equation : Ampere's circuital law 


II equation : Faraday’s law 


III equation : Electric Gauss's law 


form and also indicate the associated laws. 


IV equation : Magnetic 


[ Exam ple 4.3 | Write down the boundary conditions at the interface between 
different media in both scalar and vector forms. | 
e Solution: The following statements can be made regarding the electric and 


Gauss's law 


Q Solution: 
Maxwell's equations: Point form: 
VxH = m2- opte E 
OB oH 
V xE = uo dm 
Mai DE Py 
V.B =O 
` Integral form: $H-dl = (tr. ds = esa S) de 
8 OB ol 
fE.dl = — J- ds = -p J SC de 
Dn. des (Np, av 
5 a 
H B-ds = 0 
M 
Phasor form: 
Point form Integral form 
VxH = (o tjog)E $H-al = ff (e *jos) E-ds 
V xE = -jopH fB-di = -p ||joH:as 
V ep p, $D-ds = Mo, av 
"y.B- 0 $B.ds = 0 
eg 


The tangential component of electric fi 
it is the same just outside the surface as it is just inside the surface. 


magnetic fields at any surface of discontinuity. 


eld'E is continuous at the surface i.e., 


The tangential component of magn 


surface except at the surface of perfect conductor. At the surface of a 
perfect conductor, the tangential component H is disco 


amount equal to the linear current density. 


The normal component of electric flux density D is continuous if there is no | 
surface charge density. Otherwise D is discontinuous by an 


the surface charge density. 


The normal component of magnetic 
- surface of discontinuity. 


etic field H is continuous across a 


ntinuous by an 


amount equal to 


flux density B is continuous at the | 
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4.30 | Electromagnetic Theory - EEE 


The induced voltage is given by 
e = $E-dl 
di = (dz)a, 


As the conductor is parallel to z axis 
0.01 


e = | 15.708 © a) (dz) a, = ~ 15.708 [2 J^ 


2=0 
e = -157.08 mV Ans. 


density alid displacement current density is 0/08. Find the current amplitu 


if the applied field is E = Epe UA where A is real. 


O Solution: The conduction current density is given by 
| Jo = o E = OE, cosa! 
The displacement current density is given by 


Jp 7 ‘at | 


The ratio of the amplitude of two densities is given by 


Jc Emas 
Jp osE, 0E 


If the applied field E = E, gs 


= e A 
Je = e? o Ë, € 


Jp ^ 8 or 


The ratio of amplitudes of two densities is given by 
Jc " o E, 2,8 À 
J D £ E,, £ 
A 


E 
ov , Usk) = a” [E, cosot]= 


Eq egre 


os E, sin ot 


l ] Show that the ratio of the amplitudes of the conduction curreni 


A 
| Serien Fields —— 
| sa RN : 


the following are the components of the electric field vector 


of wert s equations Es, =A el o 0-y) E. = 0 and E, = 0 what are the 


| components of magnetic vector H? 


© Solution: Ey Kee 


O© f 
By Maxwell's equation, Vs rm "^ 


de ratio a, a, a, 3E. 
V xE = da 3 2| =-a, SE 
Ox Oy Oe ^ 
0» B, 0 | 
_ ôE, oH, . 
og — = H x 
Gs Bz H a 
0H, l tann 0 G2) 
8r "nf gre l 
Greg Aen 
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Electromagnetic Theory - EER | 


—— 


| ‘lectrodynamic Fields 


Example a I 5 | | If the magnetic field H = (3x cos B + 6 y sin a) a,, find the 


© Solution: From Ampere’s circuit law, 


Current density J = V xH | current density J if fi fi elds are invariant with time. 
- = ` | O Solution: The point form of Maxwell's second equation is 
De cy od. aD 
a VxH = J + > 
In cartesian form, J = SE E s: Ot 
ôx Oy Oz aD _ 
Hy Ho ho if the fields are invariant with time o 
og, oH,| Tan @H,|_ [ OH, OH, |- VxH = 1 
|a ëe |“ i ^ oOx | [Ox ay JÉ Ge: Ey a, 
From H (given), H, = 3cosx J= ð a o 
H, = z cosx | Ox oy Oz 
H, = 0 EL 3x cos B +6 y sin a 
» ðz cosx |- |03cosx — [Ozcosx 03cosx |- | 0 e 
J=|0- ER d ER — 0 a, + dx _ ay Ë a, m L (y cos B +6y sina) a, ~ Gon 
f 0y l | 
= — p 1 SS 2 XN . 
cosxa,-zsinxa, A/m kepi si P a, Alm! Ans. “e ©© 
J = -cosxa,~zsinxa, A/m’, forz20 bison 
` i | [Example : 4. l D | Given the conduction curr ent density in a lossy dielectric as 
= (0, forz<0 Ans. e GE 


| 7c = 0). 02 sin 10? t Alm Find the SEET current EE ifo = 10° mho/m 
| and é,= 6.9. ` 
O Solution: J¿= OI gn 10; Al? 
| | 10? mho/m 
= 6.5 


| Example 4.14 | If D - 20xa,- 15y ay * kz a, uC/m', find the value of k to 
satisfy the Maxwell's equations for region © = 0 and p, = 0. 


© Solution: Aso = 0 and p, = 0, the medium in which D and B are present is 


nothing but free space. So the Maxwell’ equations obtained from Gauss Law is 
given by 


GE 
V.D = p, = 0 for free space "E 
0D, 0D OD, G 
Ge hier m 2 9 ; 
S ey on MS = 2x 105 sin 10°¢ Vim 
. 
20x > 2151) k(z) = 0 . . dD ae OE 
oy y) a e) Displacement current density Jp = En m e o 


20-15+k = 0 
k 


a | E <= -5 x 10? cos 1091 
-5 pClm? Ans. e 66 | = 2x103 x 10? cos 
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Electromagnetic Theory - EB Blearodynamic Fields III 


M 


See 
p [ eds iod ie tel Example 4.19 | I Sg 
i Lemmer t Bé i n ree H a PE Fi 
| | LEZA free space, H = 0.2 cos (@ t — Bx) a, A/m. Find the total 
a. | power passing through a circular disc of radius 5 cm. 
VAE cL | | 1 
i 1 O Solution: Given: H = 02 cos (0 t - p x) Es 
This is the differential form of Faradays law. It states that a time varying || | n = 120 j 
es an electric field É whose curl is equal to the negative of the || | Area = m pi n x (0.05)? 
| At | a me 
| E = D20nx02 = 75.4 Nim 


magnetic field induc 
1 


time derivation of B. : 
| verage power Pay = 5 E diat BIG E04 


(ii) Moving loop in a static magnetic field: | 
Consider a conducting loop of length / moving across a static magnetic field B | Pp. = 754 Wim? 
with a velocity v. The magnetic force F acting on any charged particle Q movin | Total Suen zs a da AN 
| av = 7.54 xx (0.05)? 
= 0.059 W or 59mW Ans. e 09 


v in a magnetic field B is given by 


F = Q(v X B) | 
alent to the electrical force that would be exerted ori 


with a velocity 


The magnetic force is equiv | Example 4.20 | In a charge free non-magnetic dielectric region, the magnetic 
the particle by an electric field E given by Go 
xB vi n | | 
Calculate the dielectric constant of the medium and also the displacement 


E = Q = y 
n of the charged particle is called aby Current densily. 


CS -> 
field is given by H = 5 cos (1 09 1—4 y) "i A/m. 


The electric field E generated by the motio 
motional electric field and it is perpendicular to v and B. 
The induced voltage is induced emf and is given by 


O Solution: From the equation H = 5 cos (10? t -4y)a 
w = Inf = 10° 


Bei = v x B) dl | 
T O Gn) w ; 
Example: Electric generator and motor. Po 
Permanent magnet is used to produce a static magnetic field B. In the case off A 
ic field. H 
| 109 


induced when the loop rotates in the magnet 


ical energy. In the case 0 
s to rotate in magnetic field. D 
Li i y 


— = 2.5x 108 m/s 


electric generator, emf is 
4 


converts mechanical energy into electr 


“when a current is passing through the loop, 
chanical energy. 


converts electrical energy into me 
(iii) Moving loop in a time varying magnetic field: 

When the conducting loop is moving in a time varying 
induced emf is the sum of transformer emf and motional emf 


aB d A 
Total emf = $E: dl = — ar : dŠ +4 (v x B) di 00 | 
| | £, 


f electric motor, 


magnetic field B, ihe} 
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State paint form 


gem tout 


= [fte «ioo E- ds J 


J 


where, © 


of Ohm's law. 
Point form of ohm’s law states that the field 
proportional to the current density. 


strength within a conductor is 


E. 
SE 
Conductivity of the material 


oC 


tl 


State Faraday’s law of electromagnetic induction. | 
Faraday’s law states that electromagnetic force induced in a circuit is equal 


to the rate of change of magnetic flux linking the circuit. 


dà 
Define current density. eit ay. 
Current density is defined as current per unit area. It is denoted by || 1. State Lenz's law. 
J = n Amp lm: Lenz's law states that the induced emf in a circuit produces à current, which 
: | oppose the change in magnetic flux producing it | 
What is meant by displacement current? W , d dà 
| m ent == 


Displacement current is nothing but the current flows through the capacitor 


Displacement current density is given by 8. Ina solenoid with 


2D 
— Am? 


Jp = 5 


Given for copper o = 5.8 x 1 0 mho/m, and E = 1 V/m, find for a circular | Er of Im 
119 n 


A conductor 


emf = 


length is dragged 


an inductance of 5 mH current is increasing at the rate of 
100 A/sec. What is the value of induced emf? 


di 


Lae = 5x 10° x100 = 05V 


i 
l 
of 100 


with a velocity m/sec, 


conductors of A = 1 cn? cross sections area (a) J, (b) L | il 
o ; a Zi, perpendicular to a field of 1 T. What is the value of emf induced? 
sagen ib 
I , LI j=im v=100 m/s, B=1 Wb/m? (T) 072 
= 58x10'x1 = 5.8 x 10! Amp/m* | dra 
(b) LÈ JA E e = Blvsmn 4 
EN = |x l x 100 = 100 volts 


= 58x10 x1x(102 = 5.8 x 10% Amps 
Write the point form of continuity equation and explain its significance. 
90, 
at 


gi 


with it, 
Since the charge is conserved, the outward flux of J must therefore be equal 
to the rate of loss of charge within the volume. 


—a 


The emf induced in a stationary conductor due 
is called transformer emf or static induced emf. 


emf = 


D Distinguish between transformer emf and motional emf. 


to the change in a linked | 
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Electromagnetic Theory - EEE 


NEN 


ions in point pi Oris. 
20. Write down the Maxwell’s equations in point phasor fe 


VxH = J+j0D = (c *jos)E 


VxE = -joB =-jopH 
v-D=p 
V.B-0 
21. Write down the Maxwell's equations in integral phasor form. 
In. a = (fG+jon) ds = Je +j08)E ds 
S 


$E dl = ap ds = -p fjoH de 
S : 
II} p av 


(B-as = 0 


for free space in integral form. 


Sen 
O 
= 

T 


22. Write down the Maxwell's equations 


$ Hdl = (Pa 


7 in point form. 
23. Write down the Maxwell's equations for free space in point f 


_D 
VxH = 5 
v. OB 
VxE = =p 
Va: 


Electrodynamic Fields 


|:24. Explain why V-B=0, 


| 2. Derive the emf equations for transformer and motional emf. 


— 


V - B = 0 states that there is no magnetic charges. The net magnetic flux 
emerging through any closed surface is zero. 


25. Explain why V x E = 0. 


e 


In a region in which there is no time changing magnetic flux, the voltage 
around the loop would be zero. 


By Maxwell’s equation 
VxE=- 37 = 0 (irrotational) 


26. Explain why V-D=0. 


In a free-space, there is no charge enclosed by the medium. The volume 
charge density is zero. | 


By Maxwell'sequation, V.D = p=0 


State Faraday's law. What are the different ways of emf generation? Explain it 
with governing equation. | 


Discuss the transformer emf and motional emf. 


Describe the Faraday's disc generator and derive the equation for its induced 
emf. | | o 


. Derive the expression for force required to pull the magnet. 


. State Maxwell's equations and obtáin- them in differential form. Also derive 
them for harmonically varying field. 


. State Maxwell’s equations and obtain them in integral and differential form. 


? Derive and explain the Maxwell’s equations in point and integral form using 
` Ampere's circuital law and Faraday's law. 


. Derive the Maxwell's equations for free space in integral and point forms and 
explain them. 
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Electromagnetic Theory - EFE 


Electromagnetic Waves 
EE 


Lë 
i 


— 


_ óE GE P 
"H 2 3 7 HEB? | ... (3) Substituting the values of V x E and V yon m Pd equation (7), 
But according to the identity, VxVxH H j GH 
) | epay - HET 
VxVxE = V (V -E)- VE (4) òt Ot 
But the identity is VxVxH = V(V-H)- V?H 


But V.E = lo.p 
8 


Bu V.B = n V H = 0 


Since there is no net charge within the conductor, the charge density p = 0. Then, V xV xH = -N*H uie) 


i 
V.E=0 


Comparing equations (8) and (9) 


l 
Hi 


E 72 Mo + " 
Then equation (4) becomes, VH = Mog, THE gp 
NET (5) 


Comparing the equations (3) and (5) 


ou 05 
2 bc 
vm. LO “ay HE ad ap 0 ... (10) 


This is the wave equation in terms of magnetic field H. 


ôE ER 
VE = 
Z MO at + ME a ar 


ôE OE | 
Me gen — ban mem ciem 
E-po ER LE ar 0 


This is the wave equation in terms of elecuic neid E. 


For free space (dielectric medium) the conductivity of the medium is zero. 
(i.e. c = 0) and there is no charge containing in it (i.e, p = 0). The electromagnetic 
wave equations for free space can be obtained from. Maxwell’s equations. 


The w ion in ter ] i | 
ave equation in terms of magnetic field H is obtained in a similar manner 
as follows. | 


The Maxwells equation from Faraday’s law for free space in point form is 


OB OH 
VxE =p TON 


The Maxwell’s equation from Ampere’s law in point form is given by 


VxH = GE-+e Ge Taking curl on both sides, 
Taking curl on both sides, VxXxVxE = -pVx ES SÉ all) 
VxVxXH =oVxEt+eVx P: «(D But Maxwell's equation from Ampere's law for free space in point form 1s 
oD oE 


But Maxwell’s equation from Faraday’s law VRE e ee 


VxE = -u gi OH NE AN, aE 

Differentiating with respect to ‘t’, Sn e di ai (Ë ar 
| aE 2 oH — E 
ZZ Vx a TE ad 
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Electromagnetic Theory - EEE 


ee 


3. Each field has the same direction, magnitudes and phase at every point in 
any plane perpendicular to the direction of wave travel. | 


If the electric field is in x direction and the magnetic field is in y direction, then 
the wave is travelling in z direction. 


-The wave equation for free space is given by 


T à 
VE = He pa 
9E SE DE 9E 
ax? oy o FE ag 


Consider electric field E varies in x direction and E is independent of directions 
y and z, then wave equation becomes 


E E 


od "bad e 


It can be written as in terms of the components of E. 


OE, ^E, 
op — HE ge 
ot, E, 
oi "t 
Ek E, 
Ox? = KE ag 


For free space there is no charge density. 
V.D=gV.E=0 


V.E = 0 
9B, OE, OH, 
ër ` oy "o" ? 
For uniform plane wave, E is independent of y and z, 
BB, 
Then, 577 = 0 
Ox 


This equation shov m , 
quation shows that there 1s no variation of E, in the x direction. 


ME 


Electromagnetic Waves 


Differentiating this equation with respect to "£^, 
E 
ec m 0 
Ox 


- It requires that either E, be zero or constant. 


If E, is constant, it would not part of waye motion and so E, must be zero. 
Therefore a uniform plane wave propagating (travelling) in the x direction has no x 
component of E. A similar analysis would show that there is no x component of H. 


V-B=pV-H=0 


VH = 0 
oH, OH, ôH, 
Or i y t : B 
Since H is propagating in x direction, it is independent of y and z. Then 
0H, e, 
rs 0 and pre 0 


Since H, is not a constant, H, must be zero. 


oa 


', H. =0 for uniform plane wave. ` 


Consider the plane wave propagating in x direction. The wave equation for free 


space is 


OE ` Ob 
LE ar 


The general solution of this differential equation is in the form 
E = f, (x -vot) + f, (x + vgl): 
1 
| N Hoo 
f, and f, are any functions of (x — vo f) and (x + Yo f) respectively. 
‘The solution of wave equation consists of two waves, one travelling in positive 
direction and other travelling in negative direction. Consider the wave travel in 
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positive direction alone. 
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